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ABSTRACT An incomplete understanding of native human immunodeficiency virus
(HIV) and simian immunodeficiency virus (SIV) envelope glycoproteins (Envs) im-
pedes the development of structural models of Env and vaccine design. This short-
coming is due in part to the low number of Env trimers on virus particles. For SIV,
this low expression level can be counteracted by truncating the cytoplasmic tail (CT)
of Env. CT truncation has been shown to increase Env incorporation into the virion
and is commonly used in vaccine and imaging studies, but its effects on viral antige-
nicity have not been fully elucidated. To study the effects of a CT truncation of Env
in viruses in similar genetic contexts, we introduced stop codons into the CT of a
SIVsmE660 molecular clone and two neutralizing antibody (NAb) escape variants.
These viruses shared 98% sequence identity in Env but were characterized as either
tier 1 (sensitive to neutralization), tier 2 (moderately resistant to neutralization), or
tier 3 (resistant to neutralization). However, the introduction of premature stop
codons in Env at position Q741/Q742 converted all three transfection-derived viruses
to a tier 3-like phenotype, and these viruses were uniformly resistant to neutraliza-
tion by sera from infected macaques and monoclonal antibodies (MAbs). These
changes in neutralization sensitivity were not accompanied by an increase in either
the virion Env content of infection-derived viruses or the infectivity of transfection-
derived viruses in human cells, suggesting that CT mutations may result in global
changes to the Env conformation. Our results demonstrate that some CT truncations
can affect viral antigenicity and, as such, may not be suitable surrogate models of
native HIV/SIV Env.

IMPORTANCE Modifications to the SIV envelope protein (Env) are commonly used
in structural and vaccine studies to stabilize and increase the expression of Env, of-
ten without consideration of effects on antigenicity. One such widespread modifica-
tion is the truncation of the Env C-terminal tail. Here, we studied the effects of a
particular cytoplasmic tail truncation in three SIVsm strains that have highly similar
Env sequences but exhibit different sensitivities to neutralizing antibodies. After
truncation of the Env CT, these viruses were all very resistant to neutralization by
sera from infected macaques and monoclonal antibodies. The viruses with a trun-
cated Env CT also did not exhibit the desired and typical increase in Env expression.
These results underscore the importance of carefully evaluating the use of truncated
Env as a model in HIV/SIV vaccine and imaging studies and of the continued need
to find better models of native Env that contain fewer modifications.
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The human immunodeficiency virus (HIV)/simian immunodeficiency virus (SIV) en-
velope glycoprotein (Env) initiates virus entry into cells and is the primary target for

HIV vaccine development. HIV/SIV Env is a homotrimer of noncovalently bound gp120
and gp41 subunits. The highly glycosylated gp120 subunit mediates binding to recep-
tors on target cells, while the membrane-anchored gp41 subunit initiates virus-cell
fusion. Compared to other retroviruses, the HIV/SIV gp41 subunits have unusually long
cytoplasmic tails (CTs) of around 150 amino acids (1). The CTs of HIV/SIV gp41 have
been implicated in several important functional activities during the HIV/SIV life cycle,
including Env endocytosis, intracellular trafficking, and the incorporation of Env into
viral particles (1, 2). Although the biological functions of the HIV/SIV CT have not been
fully characterized, several studies revealed that a truncation of the SIV gp41 CT
increased Env incorporation into the virion but did not prevent the Env function in
virus-cell fusion (3–7). Hence, many HIV vaccine candidates, such as the Merck candi-
date, RV144 trials, and the SOSIP antigen series, have a truncation at the gp41
membrane-proximal external region (MPER) of Env immunogens (8–11).

Both HIV and SIV particles express a relatively low number of Env trimers on their
surface, around 7 to 16 per virion (6, 12–14), which makes studies of the Env structure
more difficult. Therefore, groups performing cryo-electron microscopy (cryo-EM) and
cryo-electron tomography (cryo-ET) to study the molecular structure of SIV Env use
virus preparations with gp41 CT truncations. These groups assume that the gp41
truncation does not affect the structure of the extracellular domain of Env (13–19).
However, the effects of the gp41 CT truncation on Env structure and the neutralization
sensitivity of the virus are still not fully understood. A recent study revealed that
truncation of the gp41 CT altered the binding of neutralizing antibodies (NAbs) to HIV
Env, suggesting that gp41 can affect HIV/SIV Env structure and antigenicity (20).

In this paper, we use SIV as a model to study the effects of a gp41 CT truncation on
the antigenicity of HIV/SIV Env. We introduced stop codons into the gp41 CTs of several
SIV isolates and compared their sensitivities to NAbs from SIV-infected rhesus ma-
caques. Like HIV, SIV strains have a range of sensitivities to NAbs (21). We previously
isolated three SIVsmE660 clones that share 98% amino acid sequence identity in Env
but have distinct neutralization sensitivity phenotypes (22), representative of either tier
1 (sensitive), tier 2 (moderately resistant), or tier 3 (resistant) variants. We found that the
introduction of the gp41 CT truncation increased resistance to neutralizing antibodies
in all of the SIV isolates without increasing Env incorporation into virions. These results
suggest that the gp41 CT plays a role in maintaining the structure and antigenicity of
the extracellular domain of HIV/SIV Env proteins.

RESULTS
SIVsmE660 clones have high sequence similarity but different sensitivities to

neutralization. The three parental SIVsmE660 clones used in this study were selected
because they represent a range of neutralization sensitivity phenotypes while having
98% sequence identity in the env region. Amino acid differences were confined to Env,
as shown in Table 1, and were located in the gp120 domains C1, V1, V2, and V4. The
tier 1 SIVsmE660 FL14 clone was isolated from a SIVsmE660 virus stock as previously
described (22). The tier 2 clone H807-16w-6 and the tier 3 clone H807-24w-4 are escape
mutants isolated from a macaque infected with the tier 1 clone. The env sequences of
the tier 2 and tier 3 clones were cloned from plasma collected at 16 and 24 weeks
postinfection, respectively. The three clones were designated tier 1 (sensitive to neu-
tralization), tier 2 (moderately sensitive to neutralization), or tier 3 (resistant to neutral-
ization) clones. These designations are based on the tier system used to classify HIV-1
variants according to their neutralization sensitivity (23), using chronic-stage sera from
a panel of rhesus macaques infected with uncloned SIVsmE660 (22) or cloned
SIVsmE543-3, SIVmac251, or SIVmac239. We used heat map hierarchical clustering,
which was used previously for the tiered categorization of the neutralization sensitivity
of HIV-1 isolates, to assess the neutralization sensitivities of these SIVs, and we selected
one virus representative each of tier 1, tier 2, and tier 3 (22).

White et al. Journal of Virology

February 2018 Volume 92 Issue 3 e01688-17 jvi.asm.org 2

http://jvi.asm.org


To confirm the differential sensitivities of the parental clones, we performed a
TZM-bl neutralization assay (24), using sera collected at 4, 40, and 80 weeks postinfec-
tion from an unrelated SIVsmE660-infected rhesus macaque inoculated with the tier 1
virus (Fig. 1A). We previously reported that sera collected at later stages of infection
have higher neutralization capabilities than do early-stage sera, which can neutralize
only very sensitive strains (22). Indeed, the tier 1 virus was sensitive to rhesus sera
collected at all three time points. The tier 2 virus had an intermediate phenotype and
could be neutralized by sera collected at 40 and 80 weeks postinfection but not by
serum collected at 4 weeks postinfection. The tier 3 virus was more resistant to
neutralization and could be neutralized only by late-stage serum collected at 80 weeks
postinfection.

Truncation of the cytoplasmic tail decreases sensitivity to neutralization by
rhesus sera. We introduced a truncation in the CTs of the three viruses. The truncation
was introduced at position Q741/Q742, the location analogous to that of the premature
stop codon found in a SIVmac clone passaged in human cell lines, which served as the
original evidence that truncation of the SIV cytoplasmic tail is an adaptation to
replication in human cells (25). In the genetic context of SIVmac239, the introduction
of the stop codon at this site was shown to increase Env incorporation into virions (4, 6).

Using the same neutralization assay as the one described above for the wild-type
viruses, we found that truncation of the CT resulted in decreases in the sensitivities of
the three transfection-derived viruses to neutralization by rhesus sera (Fig. 1B). Com-
plete neutralization was achieved only with the late-stage sera collected at 80 weeks
postinfection at a low dilution for all three mutant clones. Even at the lowest dilution,
the sera collected at 4 weeks postinfection could not achieve 50% neutralization of the
tier 1 ΔCT virus, whereas the same sera were able to neutralize the wild-type tier 1 virus
at a 50% inhibitory dose (ID50) value of 28,900 (Table 2). The sera collected at 40 and
80 weeks postinfection also needed much lower dilutions to achieve 50% neutral-
ization of the tier 1 ΔCT virus, with ID50 values of 65 and 1,538, respectively,
compared to the ID50 values for the wild-type tier 1 virus of 211,000 and 1,360,000,
respectively. Differences between the wild-type and mutant tier 2 viruses were
observed with neutralization by serum from 40 weeks postinfection. The mutant
could not be neutralized by serum from this time point, but the wild-type virus was
neutralized with an ID50 value of 380. Like the wild-type clone, the tier 3 ΔCT virus
could not be neutralized by sera collected at either 4 or 40 weeks postinfection but
could be neutralized by the serum collected at 80 weeks postinfection at an ID50

value of 4,920.
Comparison of the sensitivities of the parental and mutant clones to neutral-

ization by monoclonal antibodies. In addition to using polyclonal sera to assess
neutralization sensitivity, we performed neutralization assays with MAbs that target
different Env epitopes. The three SIV Env-specific MAbs selected for the neutralization
assay were isolated and characterized as previously described (26). Antibodies ITS09.03,
ITS52, and ITS01 target the variable loop 2 (V2), V3, or CD4-binding-site (CD4bs) region
of Env, respectively, and here, they are labeled according to the region that they target.

TABLE 1 Env amino acid differences of the three wild-type SIVsmE660 strainsa

Tier

Amino acid

C1 at
position: V1 at position:

V2 at
position: V4 at position:

45 70 134 139 140 184 185 420 425 429 432

1 T S T A A R I K K T R
2 A N I A S R I K R M Q
3 A N T — A K M N K T Q
aAll of the amino acid differences among the three strains are shown. The locations of these differences are
labeled by residue number as well as the domain in which they are found. C1 corresponds to constant
region 1, and variable loops 1, 2, and 4 are labeled V1, V2, and V4, respectively. Residues that differ from
the parental E660-FL14 tier 1 clone are in boldface type, and deletions are shown as a dash.
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These epitopes are analogous to the sites on HIV Env that are major targets of broadly
neutralizing antibodies (bNAbs).

The transfection-derived wild-type viruses demonstrated differential sensitivities to
neutralization by the MAbs (Fig. 2). The 50% inhibitory concentrations (IC50s) for
neutralization of the wild-type tier 1 virus by the V2, V3, and CD4bs MAbs were 0.045
�g/ml, 0.016 �g/ml, and 0.028 �g/ml, respectively (Table 3). Higher concentrations of
the V2, V3, and CD4bs MAbs were required to reach 50% neutralization of the tier 2
virus, with values of 5.260 �g/ml, 0.065 �g/ml, and 0.160 �g/ml, respectively. The tier
3 virus could not be effectively neutralized by any of the three MAbs. As observed with
neutralization by sera, truncation of the cytoplasmic tail decreased sensitivity to
neutralization by MAbs. At the highest concentration tested, none of the MAbs could
achieve 50% neutralization of any of the three mutant viruses.

Truncation of the cytoplasmic tails does not increase the number of trimers on
the virion. To investigate the underlying mechanism for this increase in neutralizing
antibody resistance of the CT-truncated viruses, we evaluated the virion Env content.
We performed dual-fluorescence imaging of an SDS-PAGE gel of virus proteins pro-

FIG 1 Differential neutralization sensitivities of the wild-type and CT-truncated SIVsmE660 clones. (A) Serially
diluted sera of a rhesus macaque infected with a SIVsmE660 tier 1 virus collected at different time points, 4 weeks
postinfection (4w), 40 weeks postinfection, and 80 weeks postinfection, were tested in duplicate against the tier
1, tier 2, and tier 3 viral clones in a TZM-bl neutralization assay. The percentages of neutralization by sera at
different dilutions are shown. (B) Virus clones with truncated cytoplasmic tails are less sensitive to neutralization
by rhesus sera. A neutralization assay was performed on tier 1, tier 2, and tier 3 mutant viral clones in duplicate in
a TZM-bl neutralization assay as described above for panel A. The percentages of neutralization by sera at different
dilutions are shown.
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duced from infection of A66-R5 cells to quantify the virion Env content, as previously
described (27, 28). To ensure that this preparation would not affect the neutralization
phenotype, we tested the A66-R5-derived wild-type viruses in a TZM-bl neutralization
assay. Indeed, the A66-R5-derived wild-type viruses retained their neutralization sen-
sitivities (data not shown). Viral particles were collected after ultracentrifugation of the
A66-R5 cell infection supernatant and analyzed by SDS-PAGE. The gp120 glycoproteins
were then stained with green fluorescence, while a red fluorescent whole-protein stain
was used to stain for p27 (Fig. 3). A standard curve, produced from the serial dilution
of purified gp120 and p27 protein standards, was used to quantify the amount of Gag
p27 and Env gp120 in each of the virus preparations. From the calculated Gag/Env
ratios, we could approximate the number of trimers per virion, based on the estimate
of an average of 1,400 Gag molecules per virion (Table 4) (13).

The numbers of trimers on the wild-type and mutant virions were not significantly
different. The wild-type viruses had a range of 6 to 13 trimers/virion, while the
CT-truncated mutants had a range of 5 to 15 trimers/virion. Additionally, neutralization
sensitivity did not seem to correlate with the Env content for the tested SIVsmE660
viruses. For example, the wild-type tier 3 virus had only 7 more trimers than did the
neutralization-sensitive wild-type tier 1 virus. Furthermore, The tier 3 mutant virus had
the lowest Env content, with 5 trimers/virion, but had a resistant phenotype. Well-
characterized control preparations of the HIV-1 BAL and NL43 strains, as well as a
CT-truncated SIVmac239 preparation, were used as quality controls, and results from
this experiment agree with previously reported observations. Thus, despite previous

TABLE 2 Neutralizing antibody ID50 titers of rhesus sera against the wild-type and mutant
clonesa

Tier Clone

ID50 titer

4 wk postinfection 40 wk postinfection 80 wk postinfection

1 wt 28,900 211,000 1,360,000
ΔCT �20 65 1,540

2 wt �20 380 406
ΔCT �20 �20 1,870

3 wt �20 �20 568
ΔCT �20 �20 4,920

aID50 titers were calculated with nonlinear regression by using PRISM5 and are expressed as the highest
dilution of sera that resulted in a 50% reduction of RLU compared with the virus control. The sera used
were collected at 4 weeks, 40 weeks, and 80 weeks postinfection from a rhesus macaque infected with the
SIVsmE660 tier 1 virus. wt, wild type.

FIG 2 IC50 titers of monoclonal antibodies against the wild-type and mutant clones. Monoclonal
antibodies targeting the variable loop 2 (V2), V3, and CD4bs regions of Env were tested in duplicate
against the viral clones in a TZM-bl neutralization assay. IC50 titers were calculated with nonlinear
regression by using PRISM5 and are expressed as the lowest concentration of antibody that causes a 50%
reduction in RLU compared with the virus control. A titer of 50 �g/ml is plotted for data points where
an IC50 was not reached at the highest MAb concentration tested.
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reports that truncation of the CT can increase the virion Env contents of viruses
produced from infected cultures of human cells, the introduction of a CT truncation
into SIVsmE660 clones did not increase the average numbers of trimers on the virion.

Infectivity of parental and mutant clones in rhesus and human cells. Premature
stop codons in the SIV CT were first identified in SIV strains that were passaged in
human cell lines, providing the original evidence that a truncation of the SIV CT
enhances replication in human cells (25, 29). However, in those studies, passage of the

TABLE 3 Neutralizing antibody IC50 titers against the wild-type and mutant clones with
monoclonal antibodies targeting the V2, V3, and CD4bs regions

Tier Clone

IC50 (�g/ml)

V2 V3 CD4bs

1 wt 0.045 0.016 0.028
ΔCT �50 �50 �50

2 wt 5.260 0.065 0.160
ΔCT �50 �50 �50

3 wt �50 �50 �50
ΔCT �50 �50 �50

FIG 3 Quantification of virion Env content using dual-fluorescence imaging of virus proteins. A66-R5-derived test
viruses, SupT1-R5-derived control viruses, and a series of protein standards were run on an SDS-PAGE gel. The gel
was stained with the Pro-Q Emerald 300 glycoprotein dye to detect gp120 and with the SYPRO ruby dye to detect
total protein, including p27. MW, molecular weight.
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truncated form of SIV in rhesus cells resulted in a reversion to the full-length CT, which
indicates that truncation of the SIV CT may reduce viral fitness in rhesus cells.

Because of this evidence that a CT truncation can differentially affect infectivity in
human and rhesus cells, we compared replications of the wild-type and mutant viruses
in phytohemagglutinin (PHA)-stimulated rhesus peripheral blood mononuclear cells
(PBMCs) and the human cell line CEMx174. For replication assays in both cell types, the
viral input was normalized by the 50% tissue culture infective dose (TCID50) values
quantified for TZM-bl cells. In rhesus PBMCs, the tier 1, tier 2, and tier 3 wild-type viruses
replicated similarly (Fig. 4A). Each virus reached peak viral production at around days
7 to 10 postinfection, with similar values for virus production at each time point.
Compared to the wild-type viruses, the three mutant viruses had delayed kinetics and
lower values for virus production in rhesus PBMCs (Fig. 4B). The tier 1 and tier 3 mutants
did not reach peak virus production until day 17, and the highest observed value for tier
3 virus production was not observed until day 20. The values of these peaks were lower
than those for the wild-type clones, with a 1.5-fold decrease for tier 1 mutant produc-
tion, a 2.4-fold decrease for tier 2 mutant production, and a 1.2-fold decrease for tier 3

TABLE 4 Estimation of the number of Env trimers per viriona

Virus Gag/Env ratio Estimated no. of trimers

Tier 1 wt/A66-R5 74 6
Tier 2 wt/A66-R5 55 8
Tier 3 wt/A66-R5 36 13
Tier 1 ΔCT/A66-R5 32 15
Tier 2 ΔCT/A66-R5 33 14
Tier 3 ΔCT/A66-R5 89 5
HIV-1 BAL/SupT1-R5 27 17
HIV-1 NL43/SupT1-R5 65 7
SIVmac239/SupT1-R5 13 34
aGag p27/Env gp120 ratios were calculated, and the numbers of virion-associated trimers were approximated
based on an estimate of 1,400 Gag molecules per virion.

FIG 4 Kinetics of rhesus PBMC and CEMx174 infection with wild-type (A and C) and mutant (B and D) clones. PBMCs were stimulated
with 10% IL-2 and PHA for 72 h and then infected with 10,000 TCID50 of each virus in duplicate. CEMx174 cells were infected with 1,000
TCID50 of each virus in duplicate. Viral supernatants were collected every 3 days, and virus production was quantified by RT activity.
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mutant production. These results show that the cytoplasmic tail truncation affected the
replication of our viral clones in rhesus PBMCs.

The human cell line that we selected for use in our replication assays is the CEMx174
cell line, a hybrid of human B cell and T cell lines. The wild-type and mutant viruses had
similar values for peak virus production in this cell line. However, the mutant viruses
reached peak virus production slightly later, at day 14 (Fig. 4D), than did the wild-type
viruses, which peaked at day 11 (Fig. 4C). Therefore, truncation of the CT did not appear
to enhance the infectivity of our virus clones in human cells but instead seemed to
delay the replication kinetics.

DISCUSSION

Modifications to the cytoplasmic tail of SIV Env are commonly used for both
structural and vaccine studies (13–19). These modifications are used to increase Env
incorporation into the virion, as the Env expression level is low on native SIV particles
(6, 12–14), but it is not clear how such modifications affect viral Env antigenicity. In this
study, we investigated the effects of a common modification, truncation of the CT, on
the neutralization sensitivities of three SIV clones. The three clones were selected for
this study because they were all derived from the same parental strain but represent
different tier levels of neutralization sensitivity. However, we found that truncation of
the cytoplasmic tail caused all three clones to become uniformly resistant to neutral-
ization by both rhesus sera and monoclonal neutralizing antibodies. Furthermore, in
contrast to data from previous reports, CT truncation in these strains did not lead to a
higher level of Env incorporation into the virions or increased infectivity in human cells.

Previous studies of the neutralization sensitivity of viruses with truncated cytoplas-
mic tails have yielded mixed results. For several CD4-independent and macrophage-
tropic SIVmac strains, truncation of the Env CT is associated with increased sensitivity
to neutralization (30–32). Other studies of tail-truncated versions of the glycan mutant
SIVmac239-M5 and macrophage-tropic isolate SIVmac316 showed that the truncation
of the Env CT decreased virus sensitivity to neutralizing antibodies (7, 33). Unlike
previous reports that compared different viral strains (7, 30, 32), we clarified the effects
of the Env CT truncation in this study by using three viruses that have high genetic
similarity while having disparate neutralization sensitivities. In all of these viruses,
truncation of the CT results in decreased sensitivity to neutralization by rhesus sera and
MAbs. Rhesus sera collected at different time points differentially neutralized the tier 1,
tier 2, and tier 3 wild-type clones. However, when these serum samples were used to
test the neutralization sensitivities of the CT-truncated clones, the mutant viruses were
highly resistant to neutralization. Similar results were observed with neutralization by
MAbs targeting different epitopes; the truncated mutants could not be neutralized by
any of the MAbs tested.

The sites of truncation differ among these previous studies of the effect of cyto-
plasmic tail truncation, but the difference in sites does not account for the observed
differences in observed neutralization sensitivities. The site of our truncation, Q741/
Q742 in the Env sequence of the parental clone, is analogous to the location of the
premature stop codons first identified in SIVmac239 produced from infected human
cells (25, 29, 34). Paradoxically, truncation at this site was previously described as being
associated with both increased sensitivity (30, 32) as well as decreased sensitivity (33).

Other factors that could contribute to the decreased neutralization sensitivity of
cytoplasmic tail-truncated mutants are increased virion Env content and increased
infectivity in human cells. Several groups have shown increased Env content with a
cytoplasmic tail truncation at the site that we chose (4, 6, 33) as well as at other sites
along the tail (5, 7, 12–14, 35). However, when we performed glycoprotein staining to
quantify the Env content of our truncated virions, we did not see an increase in the
number of Env trimers per virion compared to the wild-type strains. Although the level
of Env incorporation can be cell line dependent, we do not think that this factor
interfered with our results. Similar SupT1-derived cell lines were used to produce our
test viruses as well as the tail-truncated SIVmac239 control, which had an increased
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number of trimers compared to the wild type. Thus, the level of Env expression does
not seem to contribute to the decreased neutralization sensitivity of the CT-truncated
viruses in our studies.

We also compared the infectivities of the wild-type and mutant viruses in human
cells, as the truncation of the Env CT was first identified as an adaptation to enhance
virus replication in human cells. Previously reported evidence indicates that truncation
of the Env CT can increase the “inherent infectivity” of viruses in human cells, inde-
pendent of increases in Env expression levels (7). However, when we used the same
human cell line to test the infectivity of the truncated SIVsmE660 viruses, there was no
increase in infectivity compared to the wild type.

Our results demonstrate that the decrease in the neutralization sensitivity of our
CT-truncated viruses cannot be explained by an increased Env content on the virion or
enhanced viral infectivity. One hypothesis that requires further investigation is that a
cytoplasmic tail truncation induces a structural change in the extracellular domain of
Env so that neutralizing antibodies can no longer effectively bind or neutralize the virus.
Previous evidence suggests that some mutations in the cytoplasmic tail of SIV can
affect the structure of the external domain of Env (30, 36, 37). Our observation that
the truncated viruses cannot be neutralized by several MAbs that target different
epitopes, as well as their decreased infectivity in both human and rhesus cells, may
indicate a global structural change of the extracellular domain as a result of the CT
truncation of Env.

From this study, as well as the work of previous groups, we suspect that the effects
of cytoplasmic tail truncations are strain dependent. The observed neutralization
sensitivity, Env content, and infectivity of tail-truncated mutants likely depend on the
viral genetic background. We were able to control for this strain dependence by
studying three genetically similar SIVsmE660 viruses with different neutralization sen-
sitivities. We found that truncation of the cytoplasmic tail of these viruses confers
resistance to antibody-mediated neutralization without increased Env contents on the
virion or increased infectivity in human cells. These results suggest that modifications
of the cytoplasmic tail can have major effects on the antigenicity of the extracellular
domain of Envs of some SIVs. Therefore, viruses that contain these modifications should
be carefully characterized before use in imaging and vaccine studies because the
structure of trimers on the virions of some viruses containing truncated CT domains
may not accurately reflect the structure of the corresponding trimers composed of Env
subunits with a full-length CT.

MATERIALS AND METHODS
Viruses. The three SIVsmE660 infectious molecular clones were isolated and constructed as de-

scribed previously (22). Briefly, sera from chronically infected rhesus macaques inoculated with uncloned
SIVsmE660, SIVsmE543-3, SIVmac251, or SIVmac239 were used to characterize the neutralization resis-
tance of SIVsmE660 clones as tier 1 (sensitive to most sera), tier 2 (intermediate), or tier 3 (resistant). We
used heat map hierarchical clustering, which was used previously for tier categorization of neutralization
sensitivities of HIV-1 isolates, to assess the neutralization sensitivities of these SIVs and selected one virus
representative each of tier 1, tier 2, and tier 3. Tier 1 SIVsmE660 clone FL14 was isolated from SIVsmE660
stock virus. The tier 2 SIVsmE660 H807-16w-6 and tier 3 SIVsmE660 H807-24w-4 env sequences were
cloned from the plasma of a rhesus macaque infected with the tier 1 SIVsmE660 clone FL14 at 16 and
24 weeks postinfection, respectively.

Env cytoplasmic tail truncation. To truncate the Env CT domain, two stop codons were introduced
into the SIV clones at positions Q741 and Q742 (amino acid numbering based on E660-FL14 Env
[GenBank accession number AFM75723]) by PCR mutagenesis with the following set of primers: forward
primer 5=-CCTCCCGCTTATGTTTAGTAGATCCCTATCCAC-3= and reverse primer 5=-GTGGATAGGGATCTACT
AAACATAAGCGGGAGG-3=. The presence of the mutations was confirmed by sequencing the Env region
of the mutant clones.

Virus stock preparation. Virus stocks were produced by transfecting 293T cells with full-length
wild-type and mutant molecular clones. 293T cells were maintained in Gibco GlutaMAX Dulbecco’s
modified Eagle medium (DMEM) plus 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml
streptomycin and transfected with 10 �g plasmid using FuGENE 6 transfection reagent (Roche Diag-
nostics, Indianapolis, IN). Virus stocks were collected from the supernatant of transfected cells after 48 h
and filtered with a 0.22-�m filter. The TCID50 values of virus stocks were determined on TZM-bl cells (38)
and calculated by the Reed-Muench method (39).
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Neutralization assay and serum samples. The sensitivities of the SIV clones to neutralizing
antibodies were evaluated by using the TZM-bl neutralization assay as previously described (24, 40). The
serum samples used to compare the neutralizing antibody sensitivities of viruses were collected 4, 40,
and 80 weeks after infection from an unrelated rhesus macaque inoculated with SIVsmE660-FL14. The
MAbs used in our TZM-bl assay, ITS09.03, ITS52, and ITS01, which target the variable loop 2 (V2), V3, and
CD4bs regions of Env, respectively, were provided by Mario Roederer and were previously characterized
(26). Briefly, serially diluted, heat-inactivated serum samples or serially diluted MAbs were mixed with 100
TCID50 of transfection-derived viruses and incubated at 37°C for 90 min. After incubation, 104 TZM-bl
cells, with DEAE-dextran at a final concentration of 12.5 �g/ml, were added to each well. As controls, cells
were cultured alone to measure background fluorescence, and cells were cultured with virus alone to
measure the maximum fluorescence of each virus without neutralization. After 40 h of culture at 5% CO2

and 37°C, luciferase activity was measured with a luciferase assay kit (Promega) and read on a Mithras
LB940 instrument (Berthold Technologies). The average relative luminescence units (RLU) of the cell
controls were subtracted as background. The ID50 and IC50 were calculated with nonlinear regression by
using PRISM5. The ID50 is expressed as the highest dilution of sera that resulted in a 50% reduction of
RLU compared with the virus control. The IC50 is expressed as the lowest concentration of MAbs that
resulted in a 50% reduction of RLU compared with the virus control.

Quantification of Env trimers on the virion. Dual-color fluorescence imaging of an SDS-PAGE gel
of viral proteins was used to quantify virion p27 capsid (CA) and gp120 contents as previously described
(27, 28). Briefly, virus stocks of the wild-type and mutant viruses were produced by transfection of 293T
cells and used to infect A66-R5 cells (provided by Jim Hoxie, University of Pennsylvania, Philadelphia, PA,
USA), a derivative of SupT1 cells that are engineered to express CCR5. The infection-derived test viruses,
well-characterized HIV-1 and SIVmac239 control viruses, and a series of gp120 and p27 protein standards
were purified and resolved by SDS-PAGE. The gels were stained with two fluorescent dyes: SYPRO ruby
(red fluorescence), a total protein stain that detects p27, and Pro-Q Emerald 300 (green fluorescence), a
glycoprotein stain that detects gp120. The fluorescence intensities of the gp120 and p27 bands were
analyzed by using the VersaDoc 3000 imaging system (Bio-Rad Laboratories). The virion gp27/gp120
ratios were estimated by using the standard curve from the protein standards.

Replication assays. The infectivities of wild-type and CT-truncated SIV clones were evaluated on
rhesus PBMCs and CEMx174 cells. Rhesus PBMCs were isolated from an uninfected macaque and were
cultured in complete RPMI 1640 medium (containing 10% FBS, 100 U/ml penicillin, 100 �g/ml strepto-
mycin, 1% HEPES, and 1% L-glutamine) supplemented with 10% interleukin-2 (IL-2) and stimulated with
2 �g/ml PHA for 72 h. After washing with Hanks’ balanced salt solution (HBSS), 106 activated PBMCs were
infected with 104 TCID50 of the transfection-derived viruses at 37°C for 90 min. The infected PBMCs were
washed and cultured in complete RPMI 1640 medium containing 10% IL-2.

CEMx174 cells, a hybrid human T cell/B cell line, were maintained in complete RPMI 1640 medium.
The cells were washed with HBSS, and 0.5 � 106 cells were infected with 103 TCID50 of transfection-
derived virus at 37°C for 90 min. The infected CEMx174 cells were then washed with HBSS and cultured
in complete RPMI 1640 medium. Virus production was monitored by quantifying the reverse transcrip-
tase (RT) activity of the supernatant collected at 3-day intervals. RT values were quantified with a
phosphorimaging plate (Fujifilm, Japan).
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