
Figure 6. Analysis of the rate of NC-eGFP release from single viruses fusing with endosomes. (A) The NC-eGFP release from
representative EnvA-pseudotyped virus particles upon treatment with 0.1 mg/ml saponin (cyan circles) and as a result of fusion with a 950H cell
(green circles). Exponential fits (solid black lines) of the decaying green fluorescence and the obtained decay rates are shown. (B) Similar to panelA,
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Figure 7. Transient openings of fusion pores formed by EnvA in endosomes. The NC-eGFP release profiles (green circles) in 800H (A, B) and
950L (C) cells was determined by single particle tracking, using the red DiD signal as reference (not shown for clarity). The decay in the total eGFP
fluorescence of a single particle was normalized to the green signal prior to fusion (at arbitrary time = 0). After smoothing the traces (gray lines), the
effective permeability (P) of a fusion pore was calculated, using the equation P = (dF(t)/dt)/F(t), where F(t) is the normalized eGFP fluorescence

Retrovirus-Endosome Fusion Intermediates

PLoS Pathogens | www.plospathogens.org 13 January 2011 | Volume 7 | Issue 1 | e1001260





remain undetected. Indeed, it has been shown that hemifusion
intermediates and even nascent fusion pores formed by viral proteins
can restrict lipid diffusion [12,57].

The second entry step that could represent a long-lived
intermediate of EnvA-mediated fusion was the formation of a small
pore. At this point, we cannot rule out the alternative possibility that
long-lived small pores are simply off-path structures that do not lead
to productive infection. However, by analogy with the fusion pores
formed at the cell surface [29], it is plausible that at least a fraction of
small pores formed in endosomes fully enlarges. To restrict efflux of
the loosely trapped NC-eGFP marker, the pore diameter should be
comparable to the size of this marker. The NC fragment is
approximately 3-fold smaller than eGFP molecule, which has the
dimensions of 4 by 3 nm [58]. Therefore, the NC should not
considerably increase the overall size the NC-eGFP marker,
suggesting that small fusion pores formed by EnvA should be a
few nanometers in diameter. This size is consistent with the
diameter of a saponin pore (3–10 nm [51,52]) which does not
considerably restrict the release of viral content (Figure 6).

Perhaps the most surprising finding of this work was the marked
difference in early fusion pores formed by EnvA in cells expressing
alternative receptors. Both the apparent diameter and stability of
early fusion pores were greater in 950H compared to 800H cells
(Figures 6 and 7). These differences could indicate the role for the
TVA950 transmembrane domain in forming and/or stabilizing a
fusion pore. However, TVA appears to dissociate from the EnvA
at neutral pH when EnvA interacts with target membrane [59,60]
and is therefore unlikely to be a part of an endosomal fusion
complex. An alternative explanation for the differences in fusion
pores in cells expressing TVA isoforms is that these structures are
formed in distinct endosomal compartments or in distinct lipid
microdomains of the same endosomal compartment. It is
conceivable that different compositions and/or dynamics of
endosomal compartments harboring the virus in 800H and
950H cells can determine the properties of these pores. Yet
another explanation for the unstable fusion pores formed through
TVA800 is the less optimal priming of ASLV Env by this receptor.
It has been shown that suboptimal conditions for fusion (e.g., pH,
temperature, density of active fusion proteins) preclude the
formation of pores capable of enlarging and releasing the
nucleocapsid [12,57,61,62]. This notion is further supported by
the reduced pore diameter (Figure 6) and stability (Figure 7) in
cells finding expressing a lower level of TVA950.

The delayed virus uptake and lower efficiency of fusion and
infection in 800H compared to 950H cells imply that ASLV is
more likely to enter natural target cells expressing both isoformsvia
the transmembrane receptor. Moreover, the usage of the GPI-
anchored receptor in these target cells should be further
minimized, since these cells express lower levels of this isoform
compared to TVA950 [39]. The higher infectivity of EnvA-
pseudoviruses in cells expressing the transmembrane receptor
compared to the GPI-anchored isoform could be traced back to
the formation of more robust fusion pores and of an upstream
hemifusion-like intermediate that did not noticeably restrict lipid
redistribution. Our data thus imply that the size and the stability of
endosomal pre-fusion and early fusion sites depend on the TVA
receptor isoform and that these early structures determine the
outcome of ASLV entry.

Materials and Methods

Cell lines, viruses and reagents
CV-1 cells and HEK 293T/17 cells were obtained from ATCC

(Manassas, VA) and grown in Dulbecco’s modified Eagle high

glucose medium (DMEM, Invitrogen Carlsbad, CA) supplement-
ed with either Cosmic bovine serum or fetal bovine serum,
respectively, purchased from the Hyclone Laboratories (Logan,
UT). CV-1 cells were transduced with VSV-G pseudotyped
retroviral vectors pCMMP-TVA950 or pCMMP-TVA 800 as
described previously [41]. Cells expressing either high or low levels
of either TVA receptor were sorted by flow cytometry using a
FACS Vantage SE DiVa (BD Biosciences; Salk CCMI Core
Facility) after binding to a subgroup A ASLV SU-IgG fusion
protein and a FITC-conjugated secondary antibody (swine anti-
rabbit FITC) [63]. Stable expression levels of the receptors were
verified several times by flow cytometric analysis over the course of
these studies.

The fluorescent MLV core (Gag-eGFP and Gag-Pol) was
pseudotyped with the ASLV EnvA glycoprotein lacking the
cytoplasmic domain (designated EnvADCT) and co-labeled with a
membrane marker DiD, as described previously [29] with minor
modifications. Briefly, HEK 293T cells on a 6 cm dish were
transfected with 3mg Gag-eGFP, 10mg Gag-Pol, 20mg MLV
LTR-LacZ and 20mg ASLV EnvADCT expressing vectors, using
the Ca-phosphate protocol. Transfected cells were labeled with
5 mM DiD (freshly dispersed in pre-warmed serum-free Opti-
MEM) on the following day. Cells were kept in a CO2 incubator
for 4 hr, washed and incubated for additional 24 hr in a full
growth medium. Virus-containing extracellular medium was
collected 48 hr post-transfection, briefly centrifuged to remove
cell debris, and passed through 0.45mm filters. Virus preparations
were aliquoted and stored at2 80uC. The infectious titer of
EnvADCT-pseudotyped viruses was determined using theb-Gal
assay, as described before [8].

For the virus uptake measurements, HIV-1 Gag fused at the C-
terminus to the mCherry sequence (see below) was pseudotyped
with EnvADCT and labeled with the pH-sensitive EcpH-TM
construct. These pseudoviruses were produced by transfecting a
10 cm dish of HEK 293T/17 cells with plasmids encoding HIV-1
R8DEnv (3.3mg, from C. Aiken, Vanderbilt University), 1mg
pcRev, HIV-1 Gag-mCherry (1mg), EcpH-ICAM-1 (3.3mg), and
EnvADCT (3 mg), using PolyFect Transfection Reagent (Qiagen,
Valencia, CA).

Sodium pyruvate was from Sigma (St. Louis, MO), penicillin-
streptomycin from Gemeni Bio-Products (West Sacramento, CA),
L-Glutamine from Lonza (Walkersville, MD), phosphate-buffered
saline (PBS) and geneticin were from Mediatech Inc. (Manassas,
VA). The far red lipophilic dye DiD, Hoechst-33342 nuclear stain
and MitoTracker Deep Red were purchased from Invitrogen
(Carlsbad, CA). The EnvA-derived R99 peptide (. 95% purity by
HPLC) was synthesized by Macromolecular Resources (Fort
Collins, CO).

Construction of HIV Gag- and ICAM-1-based fluorescent
markers

To construct the HIV Gag-mCherry expression plasmid, the
codon optimized HIV-1 Gag fragment [64] was amplified by PCR
using the following primers: TAAGCTTGCC ACCATGGGCG
CCCGCGCCAG CGTGCTGAGC and TGGATCCCTG GC-
TGCTGGGG TCGTTGCCGA ACAGGCT. Hind III -BamHI
fragments of the PCR products were cloned into pcDNA3.1zeo (+)
vector (Invitrogen,Carlsbad, CA). The mCherry coding sequence
was amplified by PCR using the pRSET-BmCherry vector (from
R. Tsien, University of California, San Francisco) as a template
and primers AGGATCCAAG GGCGAGGAGG ATAACATGG
and ACTCGAGTTA CTTGTACAGC TCGTCCATGC CG-
CCGGTGGA GTGGC. BamHI-XhoI fragments of the PCR
products were cloned into the pcDNA3.1 zeo (+)-HIV gag

Retrovirus-Endosome Fusion Intermediates

PLoS Pathogens | www.plospathogens.org 16 January 2011 | Volume 7 | Issue 1 | e1001260



plasmid. To construct the EcpH-TM expression plasmid, the
fragments of ecliptic pHluorin (EcpH) [42] were amplified by PCR
using the following primers: TAAGCTTCTC GAGAGTAAAG
GAGAAGAACT TTTCACTGG and TGAATTCTTG TATA-
GTTCAT CCATGCCATGTG. Hind III- EcoRI fragments of the
PCR products were cloned into p3xFLAG CMV9 vector (Sigma,
St. Louis, MO). The transmembrane fragment of ICAM-1 was
amplified by PCR using the pCDM8 ICAM-1 vector (Addgene
Inc., Cambridge, MA) as a template and the following primers:
AGAATTCACG GTATGAGATT GTCATCATC and T-
GGATCCTCA CCGCTGGCGG TTATAGAGGTA. EcoR I-
BamHI fragments of the PCR products cloned into p3xFLAG
CMV9-EcpH vector.

Virus-cell fusion
EnvA-mediated virus-cell fusion was measured using theb-

lactamase (BlaM) assay, as described previously [8,65]. Briefly,
pseudoviruses were prepared by transfecting HEK 293T/17 cells
with 2.4 mg pR8DEnv, 1 mg BlaM-Vpr expressing pMM310
vector [66], 1mg pcRev, and 3mg of ASLV EnvADCT-expressing
plasmid, using the PolyFect transfection reagent. Viruses were
bound to target CV-1 cells by centrifugation at 20956 g, 4uC for
30 min. After washing off unbound viruses, cells were incubated at
37uC for 90 min in the presence or absence of 50mg/ml R99
peptide. Cells were then loaded with fluorescent CCF2-AM
substrate (Invitrogen) and incubated overnight at 12uC. Intracel-
lular â-lactamase activity (ratio of blue to green fluorescence) was
measured using the Synergy HT fluorescence microplate reader
(Bio-Tek, Germany).

Imaging single virus uptake and fusion
Virus uptake and delivery into mildly acidic compartments was

assessed using particles co-labeled with HIV-1 Gag-mCherry and
EcpH-TM as the viral core and membrane markers, respectively.
EnvA-driven fusion was measured using pseudoviruses co-labeled
with MLV Gag-eGFP and DiD. Cells were grown to confluency
on No. 0 glass coverslips using phenol red-free growth medium.
Cells were washed with Hanks’ Balanced Salt Solution (HBSS)
supplemented with 1 mM sodium pyruvate and 2% serum.
Viruses were diluted in this buffer and spinoculated onto cells at
21006 g (4uC) for 20–30 minutes. Free viruses were removed by
washing, and cells were placed on ice and used for imaging
experiments within 3 hr. Pieces of a coverslip with cells were
transferred into a glass-bottom imaging chamber pre-warmed to
37uC thereby initiating the virus uptake and fusion. Image
acquisition started immediately after finding a suitable image
field, which usually took about 30 sec after transferring cells into
the chamber. Image acquisition started after a longer delay (up to
2 min) after transferring the cells in experiments where virus
endocytosis was monitored by EcpH quenching.

Imaging was performed using the Personal DeltaVision imaging
system (Applied Precision LLC., Issaquah, WA) equipped with an
environmental enclosure that maintained the desired temperature
and humidity around the sample. An UPlanFluo 406 /1.3 NA oil
objective (Olympus) was used to visualize labeled viruses. At every
time point, two consecutive images were acquired by alternating
the standard FITC and TRITC or CY5 excitation/emission
filters. Green and orange/red signals were separated by a quad
(DAPI/FITC/TRITC/Cy5) dichroic beam-splitter and sequen-
tially acquired using an EM-CCD camera (Photometrics). Unless
stated otherwise, virus fusion was monitored by acquiring green
and red fluorescence signals at 0.66 Hz (1.5 sec per image) during
35 min. Bulk virus uptake was imaged using a reduced acquisition
rate (unless stated otherwise, one frame per 10 sec) for up to 1 hr.

The image contrast-based autofocus feature was employed to
compensate for a focal drift, which was most noticeable during the
first 5–10 min of imaging. In order to provide a reference signal
for the autofocus, cell nuclei were labeled with 1mM Hoechst-
33342 and imaged with DAPI filters. When monitoring uptake of
Gag-mCherry/EcpH-TM labeled pseudoviruses, cells were pre-
stained with MitoTracker Deep Red, and autofocus was
implemented using the Cy5 filter.

Image analyses
All images were deconvoluted using the DeltaVision Softworx

package prior to analysis with the Volocity software (Improvision,
Waltham, MA). To quantify the global quenching of EcpH signal
from multiple viruses entering acidic endosomes, objects (viruses)
positive for both Gag-mCherry and EcpH-TM markers were
identified in consecutive images and the sum of EcpH signals from
all double-labeled objects within the specified size range was
calculated. The changes in the mCherry signal were determined
by identifying objects positive for this marker, using the
parameters applied for double-labeled virions, and the sum of
red fluorescence was calculated for every image frame.

The efficacy of EnvA-mediated fusion was evaluated by
normalizing the number of virions that released their eGFP
content to the total number of double-labeled particles in the
image field. The kinetics of single virus entry into acidic
compartments (EcpH-TM quenching) and of endosomal fusion
(NC-eGFP release) was initially determined based on the visual
observation of the onset of EcpH or eGFP fluorescence decay. The
time interval from placing the cells into a pre-warmed imaging
chamber and the onset of acquisition was subtracted from
subsequent quenching or fusion time points. To obtain more
quantitative information regarding the fluorescence intensities of
the core and membrane markers and to assess the particles’
velocities and trajectories, individual viral particles were tracked,
as described previously [8]. Due to the poor signal-to-noise ratio
and particle crowding at the perinuclear space, only about 30% of
double-labeled viruses could be reliably tracked by our software.

The rate of the eGFP fluorescence decay associated with virus
fusion was determined by fitting the data with a single exponential
function (Sigma Plot, SSI). This analysis yielded the exponential
time constant, which was used to calculate the time required to
lose half of the eGFP signal (T50). In order to minimize the
contribution from deterioration of the eGFP signal due to its
quenching in acidic compartments, we did not consider the eGFP
decay events lasting longer than 5 min. These slow events were
predominantly observed in the presence of ASLV fusion inhibitor,
R99.

Supporting Information

Figure S1 Labeling and characterization of ASLV EnvA-
pseudotyped viruses. (A) Illustration of the mCherry-TM construct
consisting of the mCherry sequence flanked by the triple FLAG-tag
and the transmembrane domain of ICAM-1. (B) Immunofluores-
cence staining of viral particles co-labeled with Gag-eGFP (green)
and mCherry-TM (red). Note the inversion of colors of the core and
membrane markers compared to Figure 1. This combination of
markers was selected in order to ensure the pH-independence of
fluorescence of the viral membrane marker. Viruses were immobi-
lized on a poly-lysine-coated chambered coverslip (Lab-TekTM,
Rochester, NY) and incubated with anti-Env MC8C5-4 mAb or
with isotype control antibodies in a blocking buffer for 1 hr at 4uC.
Viruses were then stained with goat anti-mouse IgG conjugated with
Cy5TM (colored blue), washed and fixed with 4% paraformaldehyde.
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