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Abstract

Previous studies have shown that truncation of the cytoplasmic-domain sequences
of the simian immunodeficiency virus (SIV) envelope glycoprotein (Env) just prior to
a potential intracellular-trafficking signal of the sequence YIHF can strongly
increase Env protein expression on the cell surface, Env incorporation into virions
and, at least in some contexts, virion infectivity. Here, all 12 potential intracellular-
trafficking motifs (YXX® or LL/LI/IL) in the gp41 cytoplasmic domain (gp41CD) of
SIVmac239 were analyzed by systematic mutagenesis. One single and 7
sequential combination mutants in this cytoplasmic domain were characterized.
Cell-surface levels of Env were not significantly affected by any of the mutations.
Most combination mutations resulted in moderate 3- to 8-fold increases in Env
incorporation into virions. However, mutation of all 12 potential sites actually
decreased Env incorporation into virions. Variant forms with 11 or 12 mutated sites
exhibited 3-fold lower levels of inherent infectivity, while none of the other single or
combination mutations that were studied significantly affected the inherent
infectivity of SIVmac239. These minor effects of mutations in trafficking motifs form
a stark contrast to the strong increases in cell-surface expression and Env
incorporation which have previously been reported for large truncations of gp41CD.
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Surprisingly, mutation of potential trafficking motifs in gp41CD of SIVmac316, which
differs by only one residue from gp41CD of SIVmac239, effectively recapitulated
the increases in Env incorporation into virions observed with gp41CD truncations.
Our results indicate that increases in Env surface expression and virion
incorporation associated with truncation of SIVmac239 gp41CD are not fully
explained by loss of consensus trafficking motifs.

Introduction

The envelope glycoproteins (Env) of the human immunodeficiency virus (HIV)
and its close relative the simian immunodeficiency virus (SIV) consist of two
components, the surface subunit gp120 (SU) and the transmembrane subunit
gp41 (TM) [1-3]. gp120 and gp41 derive from a common precursor protein,
gp160, through proteolytic cleavage in the Golgi apparatus [4—6]. After cleavage,
gp120 and gp41 remain noncovalently associated and are transported through the
secretory pathway to the cell membrane where gp41 anchors the complex in the
membrane while gp120 is located entirely outside of the cell [7, 8]. Once at the cell
membrane, Env complexes are quickly internalized by clathrin-mediated
endocytosis, resulting in a very low steady-state level of Env cell-surface expression
[9-12]. Two synergistically acting, highly conserved endocytosis motifs have been
identified in the sequence of the cytoplasmic domain of gp41 (gp41CD): a
membrane-proximal YXX® motif [10-12] and a C-terminal dileucine motif [13].
The YXX® motif, where X is any and ® is a hydrophobic amino acid, interacts
with the p2 subunit of the clathrin-associated adaptor protein complex AP-2 to
effect endocytosis [9, 14—16]. The presence of this sequence contributes to SIV
virulence since animals infected with mutants lacking the motif display reduced
viral loads and delayed progression to AIDS compared to infection with wild-type
virus [17, 18]. The C-terminal dileucine motif, whose functionality has only been
conclusively demonstrated in HIV-1 Env, is believed to also bind to the AP-2
complex [13, 14], although evidence for this remains indirect. The AP-2 complex
is thought to typically interact with dileucine motifs through its 62 subunit [19],
but an interaction between ¢2 and gp41CD has not yet been demonstrated.
Interestingly, the C-terminal dileucine motif of gp41CD is not entirely consistent
with the consensus sequence for clathrin-dependent endocytosis, neither mediated
by the AP-2 complex (motif [D/E]XXXL[L/I/M]) nor by the Golgi-localized, y-
ear-containing, ARF-binding (GGA) family of adaptor proteins (motif DXXLL)
[19,20]. It is worth noting that not all dileucine motifs constitute trafficking
signals. The third conventional endocytosis motif, FXNPXY, is not represented in
gp41CD.

Truncation of SIV gp41CD downstream of the membrane-proximal YXX®
motif strongly increases cell-surface levels of Env [11,14,21-23]. This increase,

however, is considerably greater than the modest increase resulting from mutation
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of the C-terminal dileucine motif alone, implying that gp41CD may contain
additional endocytosis motifs [13]. However, attempts to define such motifs have
for the most part not been successful [13, 15, 24].

Both the membrane-proximal YXX® motif and the C-terminal dileucine motif
have been shown to interact not only with AP-2 but also with the AP-1 complex
Golgi network (TGN) and endosomes as well as basolateral sorting [26]. This
interaction between AP-1 and gp41CD is thought to be relevant for direct cell-to-
cell viral transmission [27-29].

In addition to these two established trafficking motifs, gp41CD of SIVmac
includes three other YXX® motifs (only one other in HIV-1 Env) and four L[L/I]
motifs (six in HIV-1 Env), as well as three IL motifs [22,30]. A recent study by
Bhakta et al. systematically mutated the YXX® motifs and the dileucine motifs in
gp41CD of HIV-1 and reported a progressive loss of fusogenicity and infectivity
with accumulation of mutations but little effect on cell-surface expression of Env
[24]. We have carried out a similar study in parallel with Env of STVmac239 and
SIVmac316 (a macrophage-tropic, neutralization-sensitive derivate of SIVmac239
[31]) to assess the effects of systematic mutation on cell-surface expression, virion
incorporation and viral infectivity. The motifs are well conserved in number and
in location between the gp41CDs of HIV-1 and SIVmac. Our results with SIVmac
contrast with the results reported for HIV-1 Env [24] as progressive mutations of
the N-terminal potential trafficking motifs led to a moderate increase in Env
incorporation, rather than a decrease. However, none of the mutations of
potential intracellular-trafficking motifs in gp41CD of SITVmac239 approximated
the strong effects observed with truncations of gp41CD, suggesting that the effects
of truncation are not simply due to the loss of these specific sequence motifs. In
contrast, we found that Env of STVmac316 is remarkably more responsive to these
mutations than SIVmac239 Env, despite the fact that its gp41CD sequence differs
from that of SIVmac239 by only one amino acid (R751G) [31].

Materials and Methods
Plasmids and Site-Directed Mutagenesis

Mutations were first introduced into plasmid p239SpE3’ nef open, which encodes
the 3’ half of the SIVmac239 genome [32, 33]. Site-directed mutagenesis was
performed with the QuikChange IT kit (Agilent Technologies, Santa Clara, CA,
U.S.A.), following the manufacturer’s recommendations. Primers were synthe-
sized by Sigma-Aldrich (St. Louis, MO, U.S.A.). All mutations except E767* were
selected to preserve the amino-acid sequence of the overlapping ORFs of tat, rev
and nef. Mutation E767* did alter the second exon of rev by changing an UGA 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). To
produce full-length infectious virions, p239SpE3’ nef open and derivative
plasmids were ligated to plasmid p239SpSp5’ [32] and transfected into HEK293T
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cells (ATCC, Manassas, VA, U.S.A.) as described below. For transient Env
expression, mutations were cloned via the Sphl and EcoRI restrictions sites from
p239SpE3’ nef open into plasmid pSIVAgpV, which encodes the genome of
SIVmac239 with a major deletion in the gag-pol region [34]. This construct
expresses Env under control of the viral long terminal repeat (LTR), as well as the
viral proteins Vpx, Vpr, Tat, Rev and Nef, but it does not produce virions. All
mutations were verified by DNA sequencing.

Cell culture, transfection and virus stocks

HEK293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 25 mM HEPES, 2 mM L-glutamine,
100 units/ml penicillin, and 100 pg/ml streptomycin (all purchased from Life
Technologies, Grand Island, NY, U.S.A.). C8166-45 SIV-SEAP cells [35] were
cultivated in RPMI 1640 medium supplemented with 10% fetal bovine serum, 25
mM HEPES, 2 mM L-glutamine, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Cells were transfected with the Calcium Phosphate Method using
the ProFection Mammalian Transfection System (Promega, Madison, WI,
U.S.A.). To generate full-length provirus and produce infectious virions, 3 pg of
plasmid p239SpE3’ nef open or derivatives and 3 pg of its counterpart encoding
the 5’ half of the SIVmac239 genome, p239SpSp5’ [32], were each digested with
restriction enzyme Sphl (New England BioLabs, Ipswich, MA, U.S.A.) and
subsequently ligated together using T4 DNA ligase (Promega, Madison, WI,
U.S.A.). Ligated constructs were subsequently used to transfect HEK293T cells
with the Calcium Phosphate Method. Medium was changed on day 2 after
transfection and supernatant harvested on day 3. Virus content was assessed based
on the concentration of p27 capsid protein in the supernatant, as determined by
antigen-capture assay (Beckman Coulter, Indianapolis, IN, U.S.A.).

Antibodies and Western blot

The following primary antibodies were used in this study: rhesus o-gp120
antibody 1.9C [36]; rhesus a-gp120 antibody 3.11H [37]; mouse o-p27 antibody
2F12 (NIH AIDS Reagent Program) [38]; and rabbit o-f-Tubulin (9F3) (Cell
Signaling Technology, Danvers, MA, U.S.A.). Secondary antibodies conjugated to
horse-radish peroxidase (HRP) were purchased from Santa Cruz Biotechnology
(Dallas, TX, U.S.A.). For Western blots of whole-cell lysates, cells were lysed with
NP-40 Lysis Buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1% NP-40 in H,0)
with Complete protease inhibitor cocktail (Roche Applied Science, Indianapolis,
IN, U.S.A.) by vigorous vortexing. Cellular debris was pelleted by centrifugation,
supernatants were transferred to fresh vials and mixed with 2X Laemmli Buffer
(Sigma-Aldrich, St. Louis, MO, U.S.A.). Protein concentrations were determined
by BCA assay (Thermo Fisher Scientific, Rockford, IL, U.S.A.). Equivalent
amounts of protein were separated by SDS-PAGE and blotted onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA, U.S.A.). Unspecific antibody
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binding was blocked by incubation with 5% non-fat dry milk (NFDM) in
phosphate-buffered saline (PBS) with 0.05% TWEEN 20. After incubation with
primary and secondary antibodies, membranes were incubated with chemilumi-
nescence substrate (Thermo Fisher Scientific, Rockford, IL, U.S.A.) and signal
detected by a phosphorimager (FujiFilms, Edison, NJ, U.S.A.).

Flow cytometry

Cell-surface expression of Env was determined by flow cytometry in cells
transfected with pSIVAgpV constructs (see above). HEK293T cells were
transiently co-transfected with pSIVAgpV or its mutated derivatives and the GFP
expression plasmid pTracer (Life Technologies, Grand Island, NY, U.S.A.), as
described above. Three days after transfection, cells were harvested, washed twice
with 2% fetal bovine serum in PBS and incubated with rhesus a-gp120 antibody
1.9C [36]. Cells were then incubated with phycoerythrin-conjugated or
allophycocyanin-conjugated o-human immunoglobulin G antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA, U.S.A.) and subsequently fixed
in 2% formaldehyde in PBS before flow cytometry. Data were analyzed using
FlowJo software version 6.4.1. (Tree Star, Ashland, OR, U.S.A.). Cellular debris
and GFP-negative events were excluded from analysis.

Env incorporation assay

Env incorporation into virions was assessed as described previously [23, 39].
Initial clarification of virus-containing supernatants was conducted by two
consecutive spins at 3,000 rpm for 10 min. Subsequently, virus was pelleted by
centrifugation at 13,000 rpm and 4°C for 2 h. The resulting viral pellet was
resuspended in 1 ml PBS and pelleted a second time as above. The pellet was then
resuspended in 50 pl PBS and the amount of p27 quantified by antigen-capture
assay (Beckman Coulter, Indianapolis, IN, U.S.A.). Equivalent amounts of virus,
as assessed by p27 content, were mixed with Laemmli Buffer and heated in boiling
water for 4 min. Samples were then separated by SDS-PAGE and blotted onto
polyvinylidene fluoride membranes (Millipore, Billerica, MA, U.S.A.). After
blocking membranes with 5% NFDM in PBS with 0.05% TWEEN 20, gp120 and
p27 were detected with antibodies 3.11H and 2F12, respectively. After incubation
with corresponding HRP-coupled secondary antibodies, membranes were
incubated with chemiluminescence substrate (Thermo Fisher Scientific, Rockford,
IL, U.S.A.) and bands detected with a phosphorimager (FujiFilms, Edison, NJ,
U.S.A.). Band intensity was quantified using ImageGauge software version 4.22
(FujiFilms, Edison, NJ, U.S.A.).

Infectivity assay

Infectivity of virus mutants was assessed using C8166-45 SIV-SEAP cells [35, 39].
On 96-well plates, triplicate sets of seven or nine 2-fold dilutions were prepared.
Each row also contained a well with medium without virus. To each well, 5-10°
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C8166-45 SIV-SEAP cells were added and the plate was transferred to a
humidified CO, incubator maintained at 37°C. On day 3 after infection, activity
of secreted alkaline phosphatase (SEAP) was measured with the Phospha-Light kit
(Life Technologies, Grand Island, NY, U.S.A.). Linear regression analysis of data
points was used to normalize SEAP activity to the amount of input virus (SEAP/
ng) for each dilution series.

Results
Mutation of potential intracellular-trafficking motifs in gp41CD

In order to assess the contribution of specific sequences in gp41CD to intracellular
trafficking of Env in a completely unbiased manner, we introduced mutations to
eliminate all twelve YXX® and dileucine motifs in SIV gp41CD (Fig. 1), regardless
of the adjacent sequences. A previous study by Bowers et al. has shown that
separate mutation of nine of these trafficking motifs individually, all located C-
terminally of the membrane-proximal YXX® motif, did not alter cell-surface
expression levels of Env to the same degree as truncation C-terminal of the
membrane-proximal YXX® motif, raising the possibility of functional redun-
dancy among these motifs [15]. We therefore chose to mutate combinations of
these potential trafficking motifs, including a combination of all twelve, to ensure
that any functional contribution would not be masked by redundant elements. A
total of seven combination mutants and one single-amino-acid mutant were
initially generated in the genetic context of the molecular clone SIVmac239.
Mutations were selected to ensure that the amino-acid sequences of Tat, Rev and
Nef, whose ORFs partly overlap with the env reading frame, remained unchanged.
We also included an Env mutant with a truncation at amino acid E767 (E767*),
which is located immediately N-terminal of the second potential trafficking motif
(Fig. 1). This truncation has been previously associated with increased
incorporation into virions, increased cell-surface expression and increased
infectivity [23].

To test whether any of these mutations affected protein stability or Env
cleavage, all nine mutant proteins were transiently expressed in HEK293T cells by
DNA transfection and lysates were analyzed by Western blot. We used the Env
expression cassette pSIVAgpV [34], which is derived from the full-length
molecular clone of SIVmac239 with major deletions in the gag-pol region and
expresses Env under control of the LTR promoter, rather than a highly expressing
codon-optimized Env plasmid, to avoid possible complications from non-
physiologically high levels of Env produced by the transfected cell or from the
absence of Nef, which has been shown to interact with the trafficking machinery
of the host cell [40]. Expression levels of all Env variants with amino-acid
substitutions were comparable to the wild-type protein and cleavage of gp160 into
gp120 and gp41 was not impaired (Fig. 2). Intriguingly, the truncated Env mutant
E767* exhibited much higher levels of protein in whole-cell lysates, indicating that
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Figure 1. Schematic representation of mutations within the cytoplasmic domain of gp41. Black boxes indicate location and type of potential trafficking
motifs. Black arrows represent overlapping reading frames for rev, tat, and nef, respectively. Stripes mark the membrane-proximal trafficking motif, the

central cluster of trafficking motifs and the C-terminal trafficking motifs.

doi:10.1371/journal.pone.0114753.9001
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removing the C-terminal 113 amino acids from gp41CD drastically enhances

protein expression and/or stability.

Cell-surface expression of Env mutants

The rapid internalization of wild-type Env from the cell surface by clathrin-

mediated endocytosis cannot be fully explained by the activity of the membrane-

proximal YXX® and the C-terminal dileucine motifs alone [13-15,23]. To

address the possibility of additional, redundantly functioning endocytosis motifs
in SIV gp41CD, we tested the levels of cell-surface expression of the Env mutants
by flow cytometry (Fig. 3 and Table 1). While there was a consistent trend towards
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Figure 2. Point mutations of potential trafficking motifs do not affect cellular expression levels of
SIVmac239 Env. HEK293T cells were transfected with SIVmac239 Env mutants. On day 3 after transfection,
cells were lysed and equivalent amounts of lysate analyzed by Western blot. gp120 and gp160 were detected
by antibody 3.11H. Tubulin was used as input control. WT, wild-type; E767*, Env mutant with truncation at
amino acid E767.

doi:10.1371/journal.pone.0114753.g002

slightly higher levels of cell-surface expression for all eight mutants, none of these
increases reached statistical significance. The greatest amount of Env was detected
on the cell surface when the first five N-terminal motifs were mutated (mutant
E2b), at levels merely 1.4-fold higher than observed for wild-type Env (compared
to a 1.2-fold increase with mutant YG).

We confirmed that truncation of Env at amino acid E767, which removes all
potential trafficking motifs except the membrane-proximal YXX®, led to a major
increase in Env cell-surface expression (2.8-fold above wild-type levels) [23].

Incorporation of mutant Env into virions

Next, we tested the extent to which mutation of the potential trafficking motifs in
gp41CD affected incorporation of SIVmac239 Env into virions. To this end,
infectious virus was produced in HEK293T cells and pelleted from clarified
supernatant. Virion samples normalized for p27 content were then subjected to
analysis by Western blot (Fig. 4A) and the ratio of Env to p27 in mutant virions
relative to wild-type virions was determined by densitometry (Fig. 4B, C and
Table 1). In stark contrast to HIV-1 Env, whose incorporation has been reported
to be strongly reduced in mutants of potential gp41CD trafficking motifs [24],
most mutant forms of SIV Env were incorporated into virions at higher levels
than wild-type Env. Mutation of the membrane-proximal YXX® motif alone
increased Env incorporation by 3.7-fold, as reported previously [23]. Disruption
of the next eight potential trafficking motifs (mutants E1b — E4b), which cluster
around the center of gp41CD, slightly enhanced Env incorporation further, with
mutant E4b showing the highest level at 8.2-fold more Env than wild-type virions.
Further mutations reduced Env incorporation in a step-wise fashion. Mutant E6b,
which retains only the C-terminal dileucine motif, incorporated Env at levels
comparable to wild-type virus, whereas mutant E7b, lacking all potential
trafficking motifs, incorporated Env at merely 39% of wild-type virus. While not
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Figure 3. Cell-surface expression of SIVmac239 Env is not significantly altered by mutation of potential trafficking motifs. HEK293T cells were
transiently co-transfected with SIVmac239 Env mutants and a GFP expression plasmid. On day 3 after transfection, cells were fixed and stained with anti-
gp120 antibody 1.9C. Only the GFP-positive population was included in the analysis of Env expression. WT, wild-type; E767*, Env mutant with truncation at
amino acid E767. (A) Histograms from a representative experiment. Solid line represents cells co-transfected with Env and GFP, dashed line shows
negative controls (transfected with GFP only). (B) Relative geometric mean fluorescence intensity (gMFI), normalized for wild-type Env (239 WT). Error bars

indicate standard deviation of four independent experiments.

doi:10.1371/journal.pone.0114753.9003

specifically included in parallel in these experiments, previous results from our
laboratory have demonstrated a 25-fold increase in Env incorporation into
SIVmac239 virions with the E767* truncation [23, 39].

Although the membrane-proximal YXX® motif clearly plays a dominant role in
reducing the amount of Env incorporated into SIV virions, these data suggest that
the potential trafficking motifs in the center of gp41CD also modulate SIVmac239
Env incorporation to some extent. Furthermore, these results indicate that the C-
terminal cluster of trafficking motifs, in particular the C-terminal dileucine motif,
may actively contribute to efficient incorporation of Env into virions.

9/24
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Table 1. Summary of phenotypes associated with mutation of potential trafficking motifs in gp41CD.

Envelope
SIVmac239
Wild-type
YG

E1b

E2b

E3b

E4b

E5b

E6b

E7b

E767*
SIVmac316
Wild-type
YG

E3b

E7b

E767*

100
121
123
144
136
136
132
128
129
284

n.d.
n.d.
n.d.
n.d.

Cell-Surface Expression® Virion Incorporation® Infectivity®
100 100
365 72
n.qg. 127
n.qg. 126
n.g. 138
820 111
n.qg. 91
93 32
39 29
2500P 250°
n.q. 100
n.q. 129
n.q. 723
n.q. 22
1400° 48000°

n.d.

®Presented as percentage of homologous wild-type Env.
®Data published in [39]. N.d., not determined. N.q., not quantified.

doi:10.1371/journal.pone.0114753.t001

Relevance of potential trafficking motifs for viral infectivity of
SIVmac239

To assess the relevance of the potential trafficking motifs in gp41CD for viral
infectivity, we infected C8166-45 SIV-SEAP cells with mutant virus produced in
HEK293T cells and normalized for p27 content. C8166-45 SIV-SEAP cells express
secreted alkaline phosphatase (SEAP) upon infection with SIV; SEAP levels in the
supernatant can be conveniently detected by a chemiluminescence-based assay
and are directly proportional to the amount of virus infecting the cells [35].
Mutation of most potential trafficking motifs in gp41CD did not have major
effects on viral infectivity (Fig. 5 and Table 1, mutants YG and Elb — E5b). In a
previous study, we have demonstrated that even a 25-fold increase in Env
incorporation increases infectivity of SIVmac239 by only 2.5-fold [23]. Therefore,
it is to be expected that the observed increase in Env incorporation of up to 8.2-
fold (Fig. 4 and Table 1) would not translate into a drastic change in viral
infectivity. Eliminating 11 or 12 of the motifs, however, reduced infectivity by 3-
fold compared to wild-type virus (Fig. 5 and Table 1, mutants E6b and E7b).
Interestingly, mutant E6b retained near-wild-type levels of Env incorporation into
virions; thus, the reduction in viral infectivity cannot be attributed to a reduction
in Env incorporation, but more likely results from some other structure/function
defect.
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Figure 4. Mutation of potential trafficking motifs affects virion incorporation of SIVmac239 Env. Viruses were produced by transfection of HEK293T
cells and virions were pelleted from the clarified supernatants. (A) gp160/gp120 (top panel) and p27 (bottom panel) were detected by Western blot using
antibody 3.11H and 2F12, respectively. (B) Relative Env incorporation into virions. The ratios of gp120 to p27 were calculated by phosphorimaging analysis.
Data are presented as the gp120:p27 ratio of mutant virions (Rn) relative to the gp120:p27 ratio of SIVmac239 wild-type (WT) virions (R239). (C) Mutants
YG, E4b, E6b and E7b were quantified in triplicate. Shown is the average of independent experiments, error bars indicate standard deviation.

doi:10.1371/journal.pone.0114753.9004
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Role of the membrane-proximal YXX® motif

To probe further the contributions of the membrane-proximal YXX® motif to the
observed phenotype, we reconstituted this motif in STVmac239 mutants E3b (E3b
+Y) and E7b (E7b + Y). Additionally, we created a mutant with a truncation at
Env amino acid E767 without the membrane-proximal YXX® motif (YG/E767%)
(Fig. 6A). Env incorporation into virions (Fig. 6B, C) and infectivity (Fig. 6D) of
these mutants were assessed. As expected, removal of all potential trafficking
motifs in gp41CD by truncation at amino acid E767* in conjunction with
elimination of the membrane-proximal YXX® motif (mutant YG/E767%) led to a
strong increase in Env incorporation into virions (Fig. 6B, C). Interestingly, we
did not detect a corresponding increase in viral infectivity of mutant YG/E767*
(Fig. 6D). This phenotype may be explained by reports demonstrating that loss of
the membrane-proximal YXX® motif of HIV-1 Env considerably reduces viral
infectivity [24,41], although the importance of this motif for infectivity of SIV
appears to be far less pronounced as its loss alone reduced SIV infectivity only
slightly (Fig. 5, Table 1 and [23]). Nonetheless, any increase in infectivity
conveyed by the E767* mutation may be offset by the reduction in infectivity
associated with the loss of the membrane proximal YXX® motif. Reconstitution
of the membrane-proximal YXX® motif did not affect Env incorporation in the
context of the E3b + Y mutant (Fig. 6B, C). It did, however, result in a detectable
increase in viral infectivity compared to wild-type STVmac239 (Fig. 6D). This
further supports the notion that the membrane-proximal YXX® motif modulates
SIV infectivity at least in part through a mechanism independent of Env
incorporation into virions. In contrast, reintroduction of the membrane-proximal
YXX® motif did not rescue the reduced levels of Env incorporation and viral
infectivity of mutant E7b (Fig. 6B, C and D).

Env incorporation in the genetic context of SIVmac316

Env encoded by SIVmac316 (Env316) differs from Env of SIVmac239 (Env239) by
only eight amino acids, one of which is located within gp41CD, but has been
shown to differ considerably with respect to multiple structural and functional
properties [31,36,42]. In particular, Env316 has been postulated to have a more
“open” conformation than its STVmac239 counterpart resulting in increased
neutralization sensitivity [36]. Moreover, truncation of Env316 at amino acid
E767 has been shown to increase Env incorporation into virions similar to or
slightly less than truncation of Env239; however, the increase in viral infectivity of
SIVmac316 resulting from this mutation has been reported as an exceptional 480-
fold relative to the wild-type parent strain, compared to a modest 2.5-fold increase
for SIVmac239 [39]. Importantly, virion incorporation of Env316 is only half as
efficient as Env239 incorporation, and the inherent infectivity of SIVmac316 is
about 20-fold lower than the inherent infectivity of SIVmac239 [39]. To gauge the
importance of the potential trafficking motifs in gp41CD in the context of an
altered structure with similar amino-acid sequence, mutations YG, E3b and E7b
(Fig. 1) were introduced into the genetic background of SIVmac316. Virions were
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Figure 5. Viral infectivity of SIVmac239 is not affected by mutation of most potential trafficking motifs in gp41CD. Viruses were produced by

transfection of HEK293T cells and virions were pelleted from the clarified supernatants. Stocks were normalized for p27 content and used to infect C8166-45
SIV-SEAP cells with serial dilutions. (A) SEAP activity 3 days after infection. Error bars indicate standard deviation of triplicates. (B) SEAP activity per ng of
p27 input, normalized for wild-type virus. Average of 2—-3 independent experiments, error bars indicate standard deviation. WT, wild-type. SEAP, secreted
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doi:10.1371/journal.pone.0114753.9005

produced by transfection of HEK293T cells, pelleted and p27-normalized samples
analyzed by Western blot to measure incorporation of Env into virions (Fig. 7).
Removal of only the membrane-proximal YXX® motif was sufficient to strongly
increase Env incorporation into SIVmac316 virions. Interestingly, mutant Env316
YG also incorporated a disproportionately high amount of gp160 into virions,
which was not observed with other mutants. Disruption of the first six potential
trafficking motifs in gp41CD (mutant E3b) increased Env316 incorporation even
more strongly. Consistent with the notion that the C-terminal trafficking motifs
may be required for efficient Env incorporation, Env316 mutant E7b was included
in virions far less effectively than mutants YG or E3b, but still at higher levels than
wild-type Env316. These data further substantiate the observation that the
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doi:10.1371/journal.pone.0114753.9006

membrane-proximal YXX® motif and the central trafficking motifs serve to
reduce the level of Env incorporation into virions, whereas the C-terminal motifs
seem to contribute to incorporation. It is important to note that, while mutations
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the clarified supernatants. (A) gp160/gp120 (top panel) and p27 (bottom panel) were detected by Western blot
using antibody 3.11H and 2F12, respectively. (B) Relative Env incorporation into virions. The ratios of gp120
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doi:10.1371/journal.pone.0114753.g007

in Env239 and Env316 affected virion incorporation in a qualitatively similar
fashion, Env316 appeared to be far more responsive to mutations of potential
trafficking motifs in gp41CD than Env239 and essentially recapitulated the
phenotype observed with the E767* mutant (Table 2).
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Table 2. Comparison of Env239 and Env316 mutations.

SlVmac239
Surface expression

Virion incorporation
Infectivity
SIlVmac316
Surface expression
Virion incorporation

Infectivity

Wild-type Env Env E767*
++ +
- ++
++ +
n.d. n.d.
-+ -
- ++

*Relative to homologous wild-type Env. N.d.,

not determined.

doi:10.1371/journal.pone.0114753.t002

Relevance of potential trafficking motifs for viral infectivity of
SIVmac316

Next, we analyzed the effect of disrupting potential trafficking motifs in gp41CD
of SIVmac316 on viral infectivity (Fig. 8 and Table 1). The increase in Env316
incorporation of mutant YG did not translate into a major change in viral
infectivity, which may be connected to the high levels of uncleaved and therefore
fusion-incompetent gp160 incorporated into virions (Fig. 7A). The SIVmac316
E3b mutant, however, displayed a markedly enhanced infectivity of 7.2-fold over
wild-type levels, which likely reflects the drastic increase in Env incorporation
(Fig. 7) associated with this mutation in the context of SIVmac316. Infectivity of
SIVmac316 mutant E7b was reduced 4.5-fold compared to wild-type infectivity
but approximately 33-fold relative to the E3b mutant. Considering that Env316
incorporation of mutant E7b was elevated over wild-type levels, this result further
corroborates the notion that the defect in viral infectivity associated with
mutation of the C-terminal potential trafficking motifs is likely due to a structural
defect independent of Env incorporation, as suggested for SIVmac239. As with
regard to Env incorporation, mutations of Env239 and Env316 gp41CD affected
viral infectivity with the same tendencies, but the magnitude of the effects was far
greater for Env316 (Table 2).

Discussion

The cytoplasmic domain of SIV gp41 contains twelve sequence motifs with the
inherent potential to regulate or modulate intracellular trafficking (Fig. 1). Based
on their location, these motifs can be loosely grouped into three categories: (i) the
well-characterized membrane-proximal YXX® motif; (ii) a central cluster of eight
motifs, including two YXX® and six dileucine motifs; and (iii) a series of three
separate motifs located towards the C terminus, including one YXX®, one IL and
one LL motif. In this study, we systematically characterized the role of these
potential trafficking motifs within the cytoplasmic domain of the SIVmac239 Env
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Figure 8. Viral infectivity of SIVmac316 is increased when multiple potential trafficking motifs in gp41CD are eliminated. Viruses were produced by
transfection of HEK293T cells and virions were pelleted from the clarified supernatants. Stocks were normalized for p27 content and used to infect C8166-45
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doi:10.1371/journal.pone.0114753.9008

glycoprotein with regard to cell-surface expression of Env, incorporation of Env
into virions and viral infectivity.

Despite intense research on this topic, it remains incompletely understood how
gp41CD achieves highly efficient down-regulation of Env cell-surface expression.
While two synergistically acting, endocytotically active sequence motifs have been
identified (the membrane-proximal YXX® motif, which has been verified as active
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in HIV-1 and SIV [10-12], and the C-terminal dileucine motif, which remains to

be confirmed in SIV [13]), mutations of these sequences alone do not typically
replicate the strong increase in cell-surface expression of Env observed with
truncation of gp41CD C-terminal to the membrane-proximal YXX® motif [13—
15,23]. To unmask any redundancy between the multiple potential endocytosis
motifs, we disrupted all twelve YXX® and dileucine motifs in gp41CD in
progressive combinations; these mutations did not significantly affect cellular
expression levels (Fig. 2). The effect of disrupting the potential trafficking motifs
on cell-surface levels of Env239 was minimal and none of the observed increases
were statistically significant. However, all mutant Env proteins showed a trend
towards slightly elevated cell-surface levels, ranging from an increase of 1.2- to
1.4-fold above wild-type levels (Fig. 3 and Table 1).

Intriguingly, the effects of mutating some of the potential trafficking motifs in
gp41CD on SIV Env incorporation into virions and viral infectivity reported here
were the direct opposite of phenotypes observed with similar mutations in
gp41CD of HIV-1 Env. Specifically, Bhakta et al. have demonstrated that
disruption of these motifs in progressive combinations in HIV-1 gp41CD
considerably reduces both Env incorporation and viral infectivity [24], whereas
the same approach in SIVmac239 gp41CD resulted in no change or modest
increases with most mutants (Fig. 4, 5, 7, 8 and Table 1). This is somewhat
unexpected as gp41CD of HIV-1 and SIV generally maintain a great deal of
functional conservation, even in the absence of consistent sequence conservation,
although exceptions are not unprecedented [22]. A possible explanation for this
discrepancy is provided by a recent report by Qi et al., which demonstrated that
the cellular protein Rab11-FIP1c is essential for HIV-1 Env incorporation in a
gp41CD-dependent manner [43]. Disruption of potential intracellular-trafficking
motifs in HIV-1 gp41CD may block the interaction with Rab11-FIP1c, thereby
inhibiting HIV-1 Env incorporation into virions. HIV-1 is not capable of
incorporating gp41CD-truncated Env in all but a few cell lines, whereas SIV
incorporates gp41CD-truncated Env universally [7,22]. Thus, SIV seems to have
evolved a mechanism of Env incorporation that differs from HIV-1 and hence
may be independent of Rab11-FIP1lc. This may explain why mutations of
potential intracellular-trafficking motifs in SIV gp41CD did not negatively affect
Env incorporation. However, no data are available on the relevance of Rab11-
FIP1c for SIV Env incorporation or even on the interaction motifs in HIV-1
gp41CD that mediate Rab11-FIP1c function, so this explanation remains
hypothetical pending further studies.

In this study, HEK293T cells were chosen to produce replication-competent
virions as they are easily and efficiently transfected and cannot be infected by the
produced virions, preventing mutations in the viral genome and guaranteeing a
high level of consistency between independently produced virus stocks. Although
we cannot rule out that some of the effects of the mutations reported here may be
cell-type-dependent, it seems unlikely considering that virion incorporation of
SIV Env has not been reported to be negatively affected by truncation in any cell
line.
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Disruption of the membrane-proximal YXX® motif of SIV gp41CD resulted in
a clear increase in Env incorporation into virions above wild-type levels, although
this did not translate into an increase in viral infectivity of the corresponding
mutants (Table 1). The observation that Env incorporation and viral infectivity
correlate poorly and are strain-dependent has been reported before [23, 39, 44]. In
the context of strain SIVmac239, truncation at amino acid E767 increases Env
content in virions by 25-fold but infectivity by only 2.5-fold [39]. However, the
same mutation in SIVmac239-M5 is associated with a 10-fold increase in Env
incorporation and a 24-fold increase in infectivity [39]. The most extreme case is
that of SIVmac316, in which the E767* mutation yields a 14-fold increase in Env
incorporation and an immense 480-fold increase in infectivity [39]. It is not clear
why Env incorporation and viral infectivity are only loosely associated. Wild-type
SIV and HIV-1 virions incorporate only 7-16 Env trimers per virion [23, 45, 46],
or even less [47]. It is conceivable that near-saturation of the virion with Env is
required before meaningful increases in infectivity result. More importantly,
mutations of gp41CD can affect the inherent fusogenicity of the Env trimer,
introducing a confounding variable independent of Env incorporation
[39,41,44,48]. The observation that reconstituting the membrane-proximal
YXX® motif in the background of mutant E3b led to a reduction in Env
incorporation into virions but a concomitant increase in viral infectivity provides
further evidence that this motif is structurally important for efficient viral entry
(Fig. 6).

The central cluster of potential trafficking motifs appeared to mildly enhance
the effects of the membrane-proximal YXX® motif with respect to virion
incorporation of Env239. Mutant E4b, which is lacking the membrane-proximal
YXX® motif and the entire central cluster, incorporated Env239 at 8.2-fold higher
levels than wild-type virus, thus doubling the effect of the YG mutation (Fig. 4 and
Table 1). The C-terminal half of the central cluster is contained within the
lentivirus lytic peptide 2 (LLP-2) region [22]. This is of note, as Bhakta et al.
observed the largest decrease in Env incorporation and infectivity in mutants in
which potential trafficking motifs within the LLP-2 region were disrupted [24],
emphasizing the direct contrast between gp41CD of SIV and HIV-1 in this
particular regard.

Extension of the mutations to include the three C-terminal sequence motifs
resulted in a stepwise reduction of both Env incorporation and viral infectivity,
while cell-surface expression remained unaffected (Fig. 3, 4, 5 and Table 1). Our
results are consistent with the observation by Manrique et al. that short C-
terminal deletions of SIV gp41CD of 20 amino acids, which includes the residues
changed in mutants E6b and E7b, are sufficient to drastically reduce Env
incorporation and viral infectivity [49]. It is possible that the interaction of
gp41CD with the matrix (MA) component of the Gag precursor protein is
interrupted by mutations E5b - E7b. There are multiple reports demonstrating
that mutations in gp41CD which block Env incorporation can be compensated for
by mutations in MA and truncation of gp41CD can counteract MA mutations
which block Env incorporation [7,50-52], suggesting that the conformations of
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gp41CD and MA need to be compatible to allow efficient Env incorporation [53].
It is interesting to note that mutant E6b still retained 93% of Env239
incorporation compared to wild-type (a reduction compared to mutants of the
central cluster) but exhibited substantially reduced infectivity. This implies that
mutated Env protein that is indeed incorporated successfully into virions is no
longer fully functional.

In direct comparison of the closely related strains SIVmac239 and SIVmac316,
whose Env proteins differ by only eight amino acids, STVmac316 was markedly
more responsive to the effects of mutations YG, E3b and E7b (Table 2). To
interpret these data accurately, it is important to note that SIVmac316
incorporates only about half as many Env trimers per virion as SIVmac239 and
has an inherent infectivity that is about 20-fold lower than the inherent infectivity
of STVmac239 [39], despite the close sequence similarity between the respective
Env proteins. With such a low baseline it is likely that even small changes may
result in major shifts in phenotype. Furthermore, it has been postulated that
Env316 has a more “open” conformation than Env239 [36]. Neutralization
sensitivity, low infectivity in standard cell-culture systems, and a more open Env
conformation likely emerged in SIVmac316 as a result of selection for replication

observed hypersensitivity of Env316 to the mutations analyzed in this study is
consistent with the notion that the looser conformation not only applies to the
extracellular domains of Env316 but also to gp41CD, making it more accessible to
proteins of the cellular trafficking machinery. Thus the reason that mutations of
Env316 but not of Env239 recapitulate the phenotype of the E767* truncation
with respect to virion incorporation may be that the potential trafficking motifs
are not accessible in Env239 due to its tighter conformation, but accessible and
therefore functional in Env316. However, it is important to note that there is
currently no information available about the actual conformation of gp41CD in
the context of the full Env trimer, and further studies will be required to
determine if this conformation does indeed differ between Env from different
strains.

The observation that none of the Env239 amino-acid mutants investigated in
this study were able to reproduce the phenotype of truncation at E767
demonstrates that the major increases in cell-surface expression and virion
incorporation observed upon Env239 truncation do not result from the loss of the
known consensus motifs. An alternative explanation for the effects of the E767*
mutation in the background of SIVmac239 is provided by the observation that
this truncation drastically increases Env protein levels in cells, as reported here
(Fig. 2) and by others [55-59]. Thus, the effects of gp41CD truncation may simply
be caused by the higher levels of Env protein in the cell. Further studies of this
phenomenon are required to elucidate the molecular mechanism underlying this
Env enrichment and its relevance for cell-surface expression, Env incorporation
into virions and viral infectivity. While we favor the hypothesis that the effects of
Env239 E767* truncation result directly from increased Env levels within the cell,
there are several other possibilities, which are not mutually exclusive. For instance,
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intracellular trafficking is not limited to YXX® and dileucine motifs, but is also
regulated by more complex determinants such as ubiquitination, acidic clusters,
cargo-specific adaptors, and non-canonical sequence motifs [20, 26, 60], which
were not addressed in this study. Furthermore, the unusual length of gp41CD
itself may be a determining factor for efficiency of progression through the
secretory pathway, virion incorporation, endocytosis and/or recycling after
endocytosis.

Conclusions

In this study, we have demonstrated that potential trafficking motifs in gp41CD of
SIVmac239 have only limited functionality and are not sufficient to explain the
effects of gp41CD truncation at E767. Interestingly, however, we found that
eliminating the very same motifs in Env316 did have a considerable effect on
virion incorporation and viral infectivity, implying that the motifs may indeed be
functional but inaccessible in the tighter conformation of Env239. The results
presented here contrast sharply with observations made for gp41CD of HIV-1, for
which loss of potential trafficking motifs in gp41CD causes decreases in virion
incorporation and infectivity [24], whereas we detected no changes or moderate
increases in response to such mutations in SIVmac239.

From an evolutionary perspective, the low levels of Env surface expression and
Env incorporation into virions that appear to be partially mediated by the
membrane-proximal YXX® motif and possibly the central cluster of potential
trafficking motifs may benefit the virus by reducing the number of targets for
antibody-mediated neutralization. Considering the very large increase of Env
trimers per virion that seems to be necessary to effect even modest increases in
viral infectivity (Table 1), this is likely to be a highly favorable trade-off during
infection, which might explain the apparent redundancy of sequence motifs in
gp41CD capable of modulating Env incorporation into virions.
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