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Abstract
We investigated the effect of receptor mobility on HIV-1 envelope glycoprotein (Env)-triggered
fusion using B16 mouse melanoma cells that are engineered to express CD4 and CXCR4 or
CCR5. These engineered cells are resistant to fusion mediated CD4-dependent HIV-1 envelope
glycoprotein. Receptor mobility was measured by fluorescence recovery after photobleaching
(FRAP) using either fluorescently-labeled antibodies or transient expression of GFP-tagged
receptors in the cells. No significant differences between B16 and NIH3T3 (fusion-permissive)
cells were seen in lateral mobility of CCR5 or lipid probes. By contrast CD4 mobility in B16 cells
was about seven-fold reduced compared to its mobility in fusion-permissive NIH3T3 cells.
However, a CD4 mutant (RA5) that localizes to non-raft membrane microdomains exhibited a
three-fold increased mobility in B16 cells as compared with WT-CD4. Interestingly, the B16 cells
expressing the RA5 mutant (but not the wild type CD4) and coreceptors supported HIV-1 Env-
mediated fusion. Our data demonstrate that the lateral mobility of CD4 is an important
determinant of HIV-1 fusion/entry.
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INTRODUCTION
HIV-1 infects permissive cells via sequential interactions of the viral envelope glycoprotein
(gp120-gp41) with the cellular receptors (CD4, CXCR4 and/or CCR5) resulting in fusion
between viral and target membrane [1,3,8,11,19,24]. It has been hypothesized that
recruitment of receptors at the plasma membrane microdomains enriched in sphingolipids
and cholesterol (rafts) regulates initial interactions necessary for productive infection
[20,21,31,32]. However, the notion that plasma membrane rafts serve as portals for HIV-1
entry has been challenged recently [23,25,36], and, therefore, an understanding of plasma
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membrane micro-environment at the site of virus-receptor interactions warrants further
investigation.

We have reported earlier that a mouse [30] melanoma cell line (B16) was resistant to HIV-1
Env-mediated membrane fusion, although the HIV-1 receptors (CD4, CXCR4, or CCR5)
were functionally expressed in B16 cells. Interestingly, this fusion restriction was only
observed for viral envelopes that were dependent in CD4 for fusion. Our observations that
pretreatment of B16 cells with a GSL biosynthesis inhibitor (PPMP) completely restored
fusion activity [30], raised several possible mechanisms for this block mediated via direct or
indirect interaction(s) of CD4 receptor with the plasma membrane components. Since GM3
has been reported to interact with HIV-1 receptors [12], we postulated that either (i) elevated
expression of GM3 in B16 cells immobilized CD4 and/or chemokine receptors within the
plasma membrane enriched microdomains, or (ii) GM3 clustering into microdomains
resulted in a shift in relative distribution of the receptor(s) from raft to non-raft domains or
vice versa. This study was designed to investigate a correlation of lateral mobility of CD4
with the fusion résistance in B16 cells.

We monitored expression, lateral mobility and CD4-mediated HIV-1 Env triggered fusion
susceptibility of B16 cells expressing a CD4 mutant, RA5 [25]. The mutant RA5 bears
cytoplasmic tail region substitution of the positively charged RHRRR motif with alanine
residues, without any change in palmitoylation and the presence of the Lck binding motif
[25]. RA5, when expressed in CD4+ lymphocytes, has been shown to promote efficient
HIV-1 entry, despite its preferential localization into non-raft fraction [25]. Here we report
that B16 cells expressing a GFP-construct of RA5 (but not the wt-CD4), and the coreceptors
supported HIV-1 Env-mediated fusion. Efficiency of fusion was similar when compared
with the GM95 or NIH3T3 target cells. Although, a correlation between CD4 mobility and
HIV-1 entry-fusion has been reported previously [9,34,35], the modulation of CD4 receptor
mobility in those studies was achieved by pretreatment of target cells with reagents that
interfere with raft-formation or by chemical cross-linking of CD4. Both approaches are
likely to introduce additional defects/artifacts in the plasma membrane and distribution of
their components. Our observations that the lateral diffusion of wt-CD4 is restricted in B16
cells despite its preferential localization in a GSL-rich plasma membrane microenvironment,
suggest a novel mechanism of interplay between membrane lipids and receptors by which
host cells can escape viral infections. Our findings that receptor mobility is an important
determinant in viral entry may have broad implications in understanding the viral fusion
process and virus infection mechanisms.

Materials and Methods
Materials

Fluorescent probes were obtained from Molecular Probes (Eugene, OR), and tissue culture
media were obtained from Invitrogen Corporation (Carlsbad, CA). Other reagents were from
Sigma-Aldrich (St Louis, MO). 1-Phenyl-2-hexadecanoylamino-3-morpholino-1-propanol
(PPMP) and GM3 were from Matreya, Inc. (Pleasant Gap, PA). Anti-GM3 mouse IgM Ab
(GMR6, cat# 370695-1) was bought from SEIKAGAKU AMERICA (Falmouth, MA) [15].
T4-4 CD4 antiserum was obtained through AIDS Research Reference and Reagent Program,
NIAID and was initially contributed by R. Sweet [5]. Anti-CD4 mouse mAb, IgG1,(R-PE
conjugated RPA-T4,) was from BD Pharmingen (San Jose, CA). The source and culture
conditions of B16, GM95, and HeLa cells stably expressing HIV-1 receptors are described
elsewhere (Rawat et al, 2004). CD4 expression in B16CD4CXCR4 and
NIH3T3CD4CXCR4 cells was determined by immuno-staining with R-PE conjugated RPA-
T4 Mab (Rawat et al, 2004). The vaccinia constructs expressing either the full length
processed HIV-1IIIB gp160 (gp120-gp41) (vPE16) [6] or the mutant with a 104 amino acid
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deletion in the cytoplasmic tail of gp41 (vPE17) [7] were obtained through the AIDS reagent
and Reference Program (NIAID, NIH). Wild type CD4-GFP and the mutant RA5-GFP
constructs were kindly provided by Dr. Popik [25]. CCR5-gfp was a gift from Dr. Santos-
Manes [18].

HIV-1 Envelope Glycoprotein Expression
CD4-requiring envelope proteins were transiently expressed on the surface of HeLa cells
using the recombinant vaccinia constructs vPE16 (HIV-1IIIB, X4-utilizing) [6], or vPE17,
(Truncated HIV-1IIIB, X4-utilizing) [7] following the protocol described [30].

Fusion Assay
Cell-cell fusion between CD4+ targets and gp120-gp41-expressing HeLa cells was assayed
using a fluorescent dye transfer method [28]. We used the fluorescent dyes CMTMR (green
emission, ex/em 540/566 nm), CMFDA (blue emission, ex/em 492/516 nm) or Calcein (blue
emission, ex/em 496/517 nm) to label the cells for fusion assay.

Typically target cells were plated on 12 well clusters at a density of 25-30,000 cells/well one
day prior to fusion experiments and were labeled with 10 μM CMTMR following
manufacturer’s instructions. For PPMP treatment, target cells were plated at low density two
days prior to fusion assay and treated with 10 μM PPMP for 24 hours at 37°C. Envelope-
expressing cells were labeled with CMFDA (10 μM) according to Manufacturer’s
instructions. Fluorescently labeled effector and target cells were co-cultured under various
experimental conditions. Details of the culture conditions relevant to each particular
experiment are described in the figure legends. Dye redistribution was monitored
microscopically as described [14], and the extent of fusion was calculated as Percent
Fusion= 100 × number of bound cells positive for both dyes/number of bound cells positive
for target cells.

Transient Expression of wild type CD4 and Mutant RA5
B16CXCR4 or GM95-CXCR4 cells (1.5-2×107) were plated on T225 culture flasks over
night and were transfected with CD4 constructs using SuperFect (transfection agent)
following Manufacturer’s instructions. Briefly, DNA constructs (100μg) were suspended in
0.5 ml serum free medium and incubated with 0.15 ml SuperFect for 30-45 minutes to allow
complex formation. At the end of incubation, volume was raised to 6.0 ml using complete
medium and the DNA-complexes were gently layered onto the cells (pre-rinsed with PBS
once following removal of culture medium). Incubations were continued at 37°C for 3-4 hrs,
with intermittent rocking of the flasks to ensure homogeneous DNA distribution. Additional
culture medium (20 ml per flask) was added and incubations were further continued for 24
hours at 37°C. To determine, surface expression of wt-CD4 and RA5, transected cells were
harvested using the cell dissociation buffer, immuno-stained with PE-conjugated RPA-T4
Mab and fluorescence was monitored by FACS as described [29]. GFP analysis showed that
the transfection efficiency of wt-CD4 and RA5 in B16 and GM95 cells was up to 20%.

Sucrose Density Gradient Analysis of CD4
Cells were harvested using cell-dissociation buffer and were washed with cold PBS (x3).
The cell pellets were then treated with 1 ml Tris-HCl buffer (pH 7.6) containing 1% Triton
X100 and protease inhibitors for 20-30 minutes at 4°C to solubilize plasma membrane
fraction. The suspension was subjected to homogenization using a Dounce Homogenizer
(10-15 strokes), transferred to an eppendorf tube and centrifuged at 1,000 rpm for 5 minutes
at 4°C to remove nuclei. The supernatant was fractionated on sucrose gradients as follows:
0.8 ml supernatant was placed in a 4 ml ultra clear tube and mixed with an equal volume of
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80% sucrose. Then, 1.6 ml of 30% sucrose and 0.8 ml 10% sucrose were layered on the tope
sequentially. The samples were centrifuged at 100,000xg (39,000 rpm) using a SW60 rotor
for 16-18 hours at 4°C. 0.4 ml fractions were carefully collected from the top and analyzed
for CD4 and GM3 contents (see below).

CD4 distribution in sucrose-density fractions was determined by electrophoresis using 10%
Tris-Glycine Gels (Invitrogen Corp. Carlsbad, CA)) under reducing conditions. Proteins
were transferred to nitrocellulose membranes and probed with rabbit anti CD4 (T4-4) Ab.
Bound antibodies were detected using anti-rabbit goat secondary Ab using Odyssey GelDoc
System (LI-COR Inc, Lincoln, NE). GM3 analysis in sucrose-density fractions was
performed using a Bio-DOT apparatus by immuno-staining with anti-GM3 mouse IgM Mab
(GMR6) followed by detection with an anti-mouse secondary Ab. Relative CD4 levels in
various fractions were quantified using the Odyssey GelDoc software. Briefly, the regions
corresponding to the CD4 in various lanes were selected using a region of interest (ROI)
tool. The total grey levels within the individual ROI were normalized to a constant value
corresponding to the 60kD standard marker band. The CD4 intensity (relative grey levels)
was plotted for individual fractions. GM3 was used as an internal raft marker for B16 cells,
and relative GM3 intensity in various fractions was calculated as described above.

Fluorescence recovery after photobleaching (FRAP) acquisition and analysis
FRAP was performed using a Zeiss LSM 510 (Carl Zeiss, Jena, Germany) confocal laser
scanning microscope. Transfected cells were plated on 35 mm glass bottom dishes (MatTek,
Ashland, MA) and kept at physiological conditions of 37°C and 5% CO2 in a stage
incubation system (Incubator S; PeCon GmbH, Erbach, Germany). A 488 nm Ar+ laser line
was used for GFP excitation and emission light was collected with a 500-550 bandpass
filter. A 40X/1.3 NA oil immersion objective lens was used with a zoom factor of 4. By
increasing the zoom to 4, the pixel size was reduced to 0.1 um2 and a 20 pixel wide
rectangle was used for the bleach region. This made the total size of the bleach region 2 um
tangential to the direction of diffusion within the membrane, which is, needed for the one-
dimensional (1D) FRAP analysis. Laser output was controlled by an acousto-optic tunable
filter (AOTF) and kept as minimal as possible during image acquisition to prevent
inadvertent photobleaching. The detector pinhole was opened slightly to acquire an optical
section of 2 um thickness. This allowed more light to be collected for better quantification.
Three pre-bleach images were acquired to determine the rate of inadvertent photobleaching.
Photobleaching was performed by increasing the transmission of the AOTF up to 100% for
20-50 iterations to get as complete of bleach as possible. After photobleaching, images were
acquired at one second apart for 8-10 images and then time resolution was changed to ten
seconds to follow the recovery to completion. A total of 20-40 data points were acquired for
image analysis. FRAP analysis was performed using the Medical Imaging Processing,
Analysis, and Visualization (MIPAV; CIT/NIH, Bethesda, MD, McAuliffe MJ 2005))
software package. Data were corrected with background subtraction, as well as
normalization for the inadvertent photobleaching rate calculated from the whole cell. Bleach
regions for analysis were either read automatically by the software from the image header
file or manually created. Data was analyzed using the 1D FRAP model [18].

Results
B16CD4CXCR4 Cells Do Not Support Fusion with Cells Expressing the Cytoplasmic Tail
Deletion Mutant HIV-1 Gp120-gp41

Since the restriction in fusion was only observed for B16 target membrane and CD4-
requiring HIV-1 envelope, we first investigated fusion activity of a cytoplasmic deletion
mutant HIV-1 envelope that is dependent on CD4 but promotes fusion with extremely high
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efficiency as compared to the wild-type envelope [2,7,37]. HeLa cells were infected with a
vaccinia construct, vPE17, to express this mutant of HIV-1 envelope and fusion activity with
B16CD4CXCR4 was examined using the fluorescence dye-transfer assay (see Methods
sections). Interestingly, B16CD4CXCR4 cells failed to promote fusion with the cytoplasmic
tail deletion HIV-1 Env mutant (Figure 1), whereas, NIH3T3CD4CXCR4 cells fused
efficiently with this mutant HIV-1 envelope under identical conditions (Figure 1).

PPMP treatment of the B16 target cells restored fusion activity with the mutant Env similar
to that for wt HIV-1 Env as reported earlier. Restoration of fusion was specific to viral
envelope-receptor interactions as the fusion was inhibited in the presence of C34, a reagent
that interferes with the gp41 six-helix bundle formation (Figure 1). These data show that
enhancing the fusion efficiency of HIV-1 Env is not sufficient to overcome the barriers
imposed by the B16 cell membrane components. Therefore, we examined membrane
disposition/localization of CD4 in B16 cells by employing the classical approach of
fractionation of detergent resistant membranes on sucrose-density gradients (see below).

Localization of CD4 and mutant RA5 in Plasma Membrane of B16 cells
CD4 is considered a raft protein [13], and efforts have been made to correlate localization of
CD4 in membrane raft microdomains with susceptibility to HIV-1 Env-
mediated[4,16,17,20,22,23,26] fusion. In contrast, studies with cell lines engineered to
express mutant and/or wt-CD4 demonstrate that CD4 localization into rafts is not an
essential determinant for HIV-1 envelope mediated fusion. Along these lines, studies also
show that membrane modulation by treatments such as cholesterol depletion [36] and
enzyme treatments [9] results in inhibition of gp120-gp41 mediated fusion.

However, the effect of these modulations was dependent on the levels of receptor
expression. Taken together, these studies indicate that CD4 plasma membrane
microenvironment is vital for HIV-1 fusion. Therefore, we examined whether wt-CD4
distribution was altered in B16 cells.

B16CD4CXCR4 cells were treated with TX100 (see Methods section) and detergent
insoluble fractions were separated on sucrose density gradient analysis. Presence (or
absence) of CD4 in various fractions was determined using an anti CD4 Ab (T4-4) as
described (see Methods section). The results were compared with NIH3T3CD4CXCR4 cells
that efficiently support HIV-1 fusion. Although surface-expressed CD4 in the B16 cells was
significantly lower as compared to NIH3T3 cells (grey bars, wt-CD4, open bars, Isotype
control, Figure 2A), the lack of fusion in these cells is not due to differences in CD4 levels.
We have previously established that PPMP treatment fully restores fusion in B16 cells
without having an effect on CD4 receptor expression [30].

Sucrose density gradient analysis (Figure 2B) shows that a major fraction of CD4 was
associated with detergent insoluble fraction in B16CD4CXCR4 cells (fraction 2-4).
Interestingly, in NIH3T3CD4CXCR4 cells, a most of CD4 was associated with fractions
6-10, and only a very small fraction was associated with fractions 2-4(Figure 2B),
Quantitation of CD4 (expressed as relative grey levels, see Methods section) in various
fractions is shown in Figure 2C. Hence, in spite of CD4 distribution in raft fraction in B16
cells, HIV-1 fusion was blocked. GM3 (that selectively partitions into detergent insoluble
fractions) was used as an internal “raft” marker in these experiments (see Figure 3B&C
below).

To gain further insight into the nature of this restriction, we designed studies to using a CD4
mutant, RA5, (Figure 3A) that localizes to the non-raft membrane microdomain, but
supports HIV-1 Env-mediated fusion in lymphocytic cell lines[25]. Receptor expression in
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the cells transfected with wt-CD4 and RA5 are shown in Figure 3B (see Methods section). It
is clear from the data that relative cell-surface expression of wt-CD4 and RA5 were similar
in GM95 and B16 cells.

The cells were solubilized in tx100 and fractionated on sucrose density gradients, and the
CD4 content in individual fractions was determined as described (Methods section). The
relative CD4 levels in various fractions are shown in Figure 3C (grey bars, wt-CD4) and D
(crossed-bars, RA5) in B16 cells. GM3, the only ganglioside expressed in B16 cells has
been shown to predominantly localize in raft fractions [38]. Therefore, we used GM3 as an
internal raft marker in our gradients (diagonal bars, Fig.3C and D). The total protein content
in various gradient fractions is shown in Figure 3E. The relative amount of total protein in
various fractions used for sucrose density gradient analysis was similar for cells expressing
wt-CD4 or the mutant RA5 (Figure 3E). These results show that wt-CD4 and RA5 when
expressed in B16 cells preferentially localize in raft and non-raft fraction respectively
similar to that reported for lymphocytes [25] (The results on fusion activity of wt-CD4 and
RA5-expressing cells are presented later in this section).

Lateral Diffusion of CD4, CCR5 and Lipids in B16 Cells
Immuno-electron microscopy studies on spatial distribution of CD4, CXCR4 and CCR5 in
lymphocytes and macrophages show that these molecules are segregated and preferentially
clustered on microvilli [33]. It is apparent that lateral mobility of receptors/envelope
complexes within the plasma membrane will influence their assembly and recruitment at the
fusion site and, hence, influence HIV-1 entry [9]. Therefore, we examined lateral diffusion
of lipids and receptors in B16 cells by the fluorescence recovery after photobleaching
(FRAP) measurements (see Methods section for FRAP measurements and data analysis).
The results were compared with two fusion permissive cell lines constitutively expressing
CD4 and coreceptors, (a) GM95 (GSL-deficient) cells derived from B16 cells, and (b)
mouse fibroblast NIH3T3 cells, that express normal levels of GSLs. In our first set of FRAP
experiments, we tested B16 cells constitutively expressing CD4 (B16CD4CXCR4) after
immunostaining with an anti-CD4 Mab (FITC-OKT4). Lipid mobility was determined by
labeling the cells with the lipid probes, DiO/FAST-DiO, and for coreceptor mobility, we
used cells transiently expressing CCR5-gfp (see Methods section).

To monitor lipid mobility, we initially used a lipophilic membrane probe (DiO). Since the
diffusion process appears to be accelerated by introducing unsaturation in the alkyl tails of
the probes, we compared lipid mobility using the lipid probes DiO and FAST-DiO. The two
probes differ in the composition of their fatty acyl chains, such that the FAST DiO has
diunsaturated linoleyl (C18:2) tails in place of the saturated octadecyl tails (C18:0) of DiO.

The results on lipid diffusion are presented in Table I. The values expressed are an average
of repeat measurements (SEM, n=7-25, as indicated in the Table) within a single
experiment. The results were consistent from at least two independent experiments. DiO
diffusion in B16 cells (7.77±0.8×10−10cm2) was only slightly slower as compared to GM95
(9.47±2.50×10−10cm2) or NIH3T3 (10.89±3.16×10−10cm2). Similarly, we observed a slight
decrease in diffusion of FAST-DiO in B16 cells (8.39±5.51×10−10cm2) as compared to
GM95 (13.1±8.39×10−10cm2) and NIH3T3 cells (13.8±8.98×10−10cm2). Since the two lipid
probes (DiO, FAST-DiO) that preferentially partition into ordered and disordered membrane
[27] resulted in similar diffusion in the three cell lines tested, we conclude that lipid
diffusion in B16 cells is similar to that of GM95 or NIH3T3 cells.

Next, we evaluated the diffusion coefficient(s) of CD4, and CCR5 in various cell lines. The
results are presented in TABLE II, and the values expressed are an average of repeat
measurements (SEM, n=8-17, as indicated in the table) within a single experiment.
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The results were consistent from at least two independent experiments. It is clear that there
were no significant differences in lateral diffusion of CCR5 in B16/GM95/NIH3T3 cells
(4.28/1.95/4.72×10−10cm2/sec) respectively. In contrast, we observed a significant decrease
in lateral mobility of CD4 in only B16 cells (1.87×10−11cm2/sec) when compared with CD4
diffusion in GM95 (20.9±3.0×10−11cm2/sec), or NIH3T3 cells (13.5×10−11cm2/sec).
Interestingly, CD4 diffusion in GM95 cells was even faster than NIH3T3 cells. These data
support our previous observations that only GM95 cells (constitutively expressing HIV
receptors) supported fusion at low temperatures (≤25°C) [29].

The results presented in TABLE II strongly suggest that the restricted mobility of CD4 is
likely to confer HIV-1 fusion restriction in B16 cells. Therefore, we examined lateral
mobility of the mutant CD4, RA5, which has been previously shown to partition into non-
raft fraction, but retains its ability to support HIV-1 entry in T lymphocytes (See Figure
3A,). The results were compared with wt-CD4 and RA5 diffusion in GM95 cells. The results
shown in Figure 4 are an average of multiple measurements (details in Figure 4 legend)
within a single experiment and were at least reproducible from two independent
experiments.

As expected, lateral diffusion of mutant RA5 (5.15±4.41×10−cm2/sec) and wt-CD4
(4.21±3.18×10−cm2/sec) when expressed in fusion-competent GM95 cells were similar. In
contrast, we observed a significant statistical difference in diffusion of wt-CD4
(1.02±0.82×10−cm2/sec) and RA5 (3.23±2.77×10−cm2/sec) when expressed in B16 cells
(Figure 4). Therefore, our next experiments were designed to examine fusion susceptibility
of RA5-expressing B16 cells (see below).

Fusion susceptibility of WT and mutant CD4 expressed in B16 cells
We examined the ability of RA5-expressing cells to support gp120-gp41 triggered fusion.
Fusion activity was compared with GM95 cells expressing HIV-1 receptors under similar
conditions. CMTMR labeled target cells were cocultured with CMFDA-labeled gp120-gp41
expressing HeLa cells for 4-6 hours at 37°C, and fusion was monitored (see Methods
section). Results are presented in Figure 5.

We observed very low levels of fusion when B16-CXCR4 cells transiently expressing wt-
CD4 were incubated with gp120-gp41 expressing cells (Left panel, Fig. 5). In contrast,
GM95-CXCR4 cells expressing wt-CD4 supported fusion with high efficiency. PPMP
pretreatment of B16 target cells restored fusion consistent with our previous findings. Fusion
activity of cells expressing the RA5 mutant is shown in the right panel (Figure 5).
Interestingly, B16-CXCR4 cells, transiently expressing the RA5 mutant were highly
susceptible to gp120-gp41 mediated fusion. Fusion activity was similar to that of the GM95
targets. PPMP pretreatment of RA5-expressing B16 cells did not result in further
enhancement in fusion activity. These observations clearly demonstrate that the HIV-1 Env-
mediated fusion is only restricted to wt-CD4 but not the mutant CD4-expressing B16 cells.
Specificity of gp120-gp41 triggered membrane fusion was confirmed by a block in fusion in
the presence of C34, a fusion inhibitor that interferes with six-helix bundle formation
(Figure 5).

Discussion
HIV-1 entry is a multistep process that involves sequential interactions of HIV-1 gp120-
gp41 with CD4 and chemokine receptors. The process is facilitated by receptor movement,
and is influenced by plasma membrane organization and/or composition. In addition to these
key players, plasma membrane lipids (GSLs/cholesterol) have been implicated in
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modulating HIV-1 entry. However, an absolute requirement of target membrane rafts and
their components in HIV-1 infection has been challenged.

Our original hypothesis that GSLs per se play a role in HIV-1 entry/fusion [14] was based
on our studies with PPMP, which inhibits the synthesis of glucosyl ceramide, the precursor
for GSL biosynthesis. We argued that a reduction of GSL levels by blocking their synthesis
would adversely affect HIV-1 fusion. PPMP has a number of different effects on
sphingolipid metabolism, which include an increase of ceramide levels. However, in our
follow up studies, we reported that GSL-deficient cells (GM95), that were engineered to
express HIV-1 receptors, were highly susceptible to HIV-1 Env-mediated fusion [29]. These
results raised questions about a direct involvement of GSLs in fusion of cells expressing
high levels of HIV-1 receptors. We have also reported that enhancing plasma membrane
ceramide levels by other means (fenretinide, sphingomyelinase) reduces the susceptibility of
certain target cells to HIV-1 fusion [9,10]. Therefore, it appears that the receptor disposition
with it’s surrounding microenvironment (and not the specific lipid components) within the
plane of the plasma membrane of a target cell is likely to dictate and/or facilitate fusion
process.

Surprisingly, treatment of B16 cells with PPMP enhanced their fusion susceptibility to about
the level of fusion susceptibility of NIH3T3 or GM95 cells expressing CD4 and coreceptors.
We also noted that the levels of sphingomyelin in B16 cells were significantly increased
following PPMP treatment [30]. Since the relative amount of ceramide to sphingomyelin
appears to be important for HIV receptor disposition and fusion susceptibility [9], we
conclude that the high levels of sphingomyelin produced in B16 cells following PPMP
treatment will override the inhibitory effect (on fusion) of possible ceramide accumulation.

In this study we have probed the mechanism(s) underlying the block of fusion in B16 cells
expressing HIV-1 receptors. First we examined a possible role of transmembrane/
cytoplasmic anchor of HIV-1 Env, in observed restriction to fusion. The deletion of
transmembrane anchors significantly increases the fusion mediated by HIV-1 envelope
glycoprotein [2,7,37]. Our observations that the mutant gp120-gp41 envelope also failed to
support fusion, further supported the notion that block was due to inefficient interactions of
HIV-1 envelope with the target membrane.

We results on lateral diffusion of CD4, lipids, and CCR5 in B16/GM95/NIH3T3 cells (Table
I and table II), show that CD4 diffusion in B16 cells is significantly slower when compared
with GM95 or NIH3T3 cells. Since we did not observe such differences in lateral diffusion
of lipids or the chemokine receptor, these data confirmed that fusion was restricted at the
level of CD4-envelope interactions. Slower diffusion can prolong the formation of multi-
protein complexes, as is the case with HIV-1 fusion machinery comprising of HIV-1 fusion
protein CD4 and co-receptor.

The ability of RA5-expressing B16-CXCR4 cells to support gp120-gp41 mediated fusion
(Figure 5) further suggested that the restriction was at the level of wt-CD4 disposition and/or
the microenvironment in its vicinity. We found that distribution of wt-CD4 and RA5 mutant
into raft and non-raft regions respectively was similar in B16 and GM95 cells. These
observations led us to conclude that raft-localization of CD4 is not an essential factor for
HIV-1 entry, consistent with previous reports. Interestingly, we observed significant
differences in lateral diffusion of wt-CD4 and RA5 in B16 cells (Figure 4). In contrast,
diffusion of wt-CD4 and RA5 mutant were similar when expressed in GM95 cells (Figure 4)
or NIH3T3 cells (data not shown). These data allow us to propose (Figure 6) that the failure
of B16 cells expressing wt-CD4 result from restriction of CD4 lateral diffusion presumably
as a result of clustering [9].
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Taken together, our results suggest that over-expression of GM3 in B16 cells enhances
clustering of CD4. This restricts the formation of trimolecular complex formation between
CD4-corecptor (CCR5/CXCR4)-viral Envelope glycoprotein and hence block in fusion,
consistent with our earlier observations [30]. In our previous report we achieved the fusion
rescue by decreasing the levels of GM3. In the current report we have bypassed the
restriction by moving CD4 away from the GM3 annulus. Further, when CD4 is allowed to
leave the GM3 annulus as in CD4-RA5 construct, trimolecular complex is formed and
fusion proceeds as normal. Hence restricting components of multi-protein reaction as is the
case for HIV envelope mediated fusion can achieve results akin of inhibitor for coreceptor -
CD4 interaction.
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Figure 1. B16CD4CXCR4 Cells Do Not Support Fusion with Cells Expressing Cytoplasmic Tail
Deletion Mutant HIV-1 Gp120-gp41
CD4-requiring envelope proteins were transiently expressed on the surface of HeLa cells
using the recombinant vaccinia constructs vPE16 (HIV-1IIIB, X4-utilizing) and vPE17
(Cytoplasmic Tail deletion mutant HIV-1IIIB, X4-utilizing). B16CD4CXCR4 cells (2.5 or
5.0×104 per well) were plated on 12 well clusters two day prior to fusion experiments. The
cells at high density were treated with 10 μM PPMP for 24 hours at 37°C. The cells were
labeled with CMTMR and were co-cultured with calcein-labeled envelope-expressing cells
for 4-8 hours at 37°C in the absence or presence of C34 as indicated. Fusion was monitored
using the fluorescent dye transfer and by formation of multinucleated cells (syncytia) upon
fusion (see Methods section). Phase images are shown for the cocultures of HeLa cells
expressing cytoplasmic tail deletion mutant HIV-1IIIB with B16CD4CXCR4 cells without
(A) or with PPMP pretreatment. B16CD4CXCR4 cells did not support fusion with HeLa
cells expressing HIV-1IIIB envelope (Not shown) (C) Extent of fusion. The values represent
an average (±S.D.) from 3-5 samples with in a single experiment. The results were
reproducible from at least three independent experiments. NIH3T3CD4CXCR4 cells were
used as positive controls in these experiments.
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Figure 2. Raft Localization of wt-CD4 in B16CD4CXCR4 cells: Relative CD4 distribution in
detergent insoluble and soluble fractions was determined by sucrose-density gradient analysis
B16 or NIH3T3 cells stably expressing CD4 and CXCR4 (B16CD4CXCR4 and
NIH3T3CD4CXCR4) were subjected to TX100 solubilization, followed by sucrose density
gradient fractionation as described in Methods section. Various fractions were analyzed for
CD4 by Western blot analysis. Figure 1A shows cell-surface expression of CD4 in cell lines
used in this experiment. Solid bars, CD4 expression by PE-OKT4 staining; Open bars,
Isotype control. Figure 2B shows relative CD4 in various sucrose density gradient fractions
(S=M.W. standards).The lanes corresponding to CD4 only are shown in the figure. The CD4
present in each fraction was quantified using the Odyssey Software relative to the 60kD
standard as described in Methods section (Figure 2C).
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Figure 3. Expression, and Raft Distribution of CD4 Mutant RA5 in B16 Cells
RA5 mutant (RA5-GFP) was expressed in B16-CXCR4 cells by transient transfection,
examined for cell surface expression, analyzed for raft location by detergent insolubility and
for HIV-1 envelope glycoprotein-mediated fusion. The results were compared with wt-CD4
(wt-CD4-GFP) under identical conditions, using GM95-CXCR4 cells as controls. Figure 3A
shows the site of mutation in RA5 in the membrane proximal amino acid region (from
RHRRR to AAAAA) (adapted from [25]). Figure 3B shows cell surface expression of RA5
and wt-CD4 in B16-CXCR4 or GM95-CXCR4 cells by immuno-staining with RPA-T4
Mab.
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Figure 3C-E show results of CD4 and RA5 distribution in sucrose density gradient fractions
of TX100-solubilized membranes of B16 cells. Fig. 3C and D show quantification of
relative grey levels in various fractions normalized to the 60kD M.W. standards (see
Methods section). We used GM3 as and internal raft marker in our gradient analysis that
was quantified by dot-blot analysis using the GMR6 Mab. Figure 3C and D, solid bars, wt-
CD4 and RA5, respectively. Figure 3C and D, diagonal bars, GM3 levels. The protein
content for wt-CD4 and RA5 in various cell fractions is shown in Figure E.
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Figure 4. Lateral Diffusion of wt-CD4 or RA5 in B16 Cells
The cells transiently expressing wt-CD4-GFP or RA5-GFP were examined for lateral
diffusion by FRAP by monitoring GFP fluorescence as described in Methods section. The
diffusion coefficients are plotted as logarithmic scale and represent an average of 15-20
measurements. The standard deviation (±SD×10-10cm2/sec) of diffusion measurements was
as follows: 0.82 (B16, WT-CD4), 2.77 (B16, RA5), 3.18 (GM95, WT-CD4) and 4.14.
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Figure 5. RA5-Expressing B16 cells promote fusion with HIV-1 gp120-gp41 expressing cells
The cells transiently expressing wt-CD4 or RA5 were cultured with HeLa cells infected with
vPE16 (see legend to Figure 1). Fusion was monitored microscopically and images were
analyzed as described in legend to Figure 1.
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Figure 6. CD4 clustering in B16 cells and susceptibility to HIV-1 fusion
HIV-1 delivers its genetic material into the cell by direct fusion of the viral membrane with
the plasma membrane of the host cells mediated by trimeric gp120/gp41 molecules (blue).
Interactions between gp120 and a cluster of CD4 molecules (yellow) result in
conformational changes in gp120/gp41 (red). In B16 cells the WT-CD4 cluster does not
readily disperse (left). However, the cluster of mutant (RA5) CD4 molecules readily
disperses allowing the intermingling between those CD4 and CCR5/CXCR4 molecules
(green) and enabling interactions gp120 with co-receptors. A further barrage of
conformational changes then leads to membrane fusion.
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TABLE I
Lateral Mobility of Plasma Membrane Lipids in B16 Cells

3

Cell
Type FAST-DiO

1
DiO

2

Diffusion
(×10−10cm2/sec)

Mobile Fr.
(%)

Diffusion
(×10−10cm2/sec)

Mobile Fr.
(%)

B16 8.39±5.51
(n=13)

89.3±10.5
(n=13)

7.77±0.8
(n=15)

80.03±3.8
(n=15)

GM95 13.1±8.39
(n=25)

87.8±11.1
(n=25)

9.47±2.50
(n=7)

70.07±10.2
(n=7)

NIH3T3 13.8±0.8.98
(n=15)

84.3±12.8
(n=15)

10.89±3.16
(n=7)

75.59±19.17
(n=7)

1
Lateral diffusion was measured by monitoring FRAP of Fast-DiO-labeled cells (see Methods section)

2
Lateral diffusion was measured by monitoring FRAP of DiO-labeled cells (see Methods section)

3
n=number of cells (measurements) within a single set of experiment and values are expressed as ±SEM.
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TABLE II
Lateral Mobility of HIV-1 Receptors in B16 Cells

3

Cell
Type CCR5

1
CD4

2

Diffusion
(×10−10cm2/sec)

Mobile Fr.
(%)

Diffusion
(×10−10cm2/sec)

Mobile Fr.
(%)

B16 4.28±2.22
(n=11)

91.80
±10(n=11)

1.87±0.5
(n=17)

84.6±5.8
(n=17)

GM95 1.95±0.87
(n=9)

78.06±19.39
(n=9)

20.9±3.0
(n=16)

96.4±2.1
(n=16)

NIH3T3 4.72± 3.30
(n=8)

98.20±4.20
(n=8)

13.5±0.5
(n=10)

89.9±5.0
(n=10)

1
Cells were transfected with the CCR5-gfp construct to determine FRAP

2
Cells stabling expressing CD4 were labeled with FITC-conjugated OKT4 and FRAP was determined

3
n=number of cells (measurements) within a single set of experiment and values are expressed as ±SEM.
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