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Abstract
Our overall goal is to understand how viral envelope proteins mediate membrane fusion and
pathogenesis. Membrane fusion is a crucial step in the delivery of the viral genome into the cell
resulting in infection. On the other hand, fusion activity of viral envelope glycoproteins expressed
in infected cells may cause the demise of uninfected bystander cells by apoptosis. Our general
approach is to kinetically resolve steps in the pathway of viral envelope glycoprotein-mediated
membrane fusion and to uncover physical parameters underlying those steps using a variety of
biochemical, biophysical, virological, and molecular and cell biological techniques. Since HIV fusion
involves a complex cascade of interactions of the envelope glycoprotein with two receptors,
membrane organization plays an important role and interfering with it may modulate entry. To study
this phenomenon, we have either examined cell lines with differential expression of sphingolipids
(such as GM3), or altered membrane organization by modifying levels of cholesterol, ceramides, or
glycosphingolipids. We show that the localized plasma membrane lipid microenvironment (and not
the specific membrane lipids) in the vicinity of CD4 controls receptor mobility and HIV-1 fusion.
The complex cascade of conformational changes that must occur to allow virus entry is also a very
important target for therapy and vaccine development. We have recently designed and tested peptide
analogs composed of chemical spacers and reactive moieties positioned strategically to promote
permanent attachment. Using a temperature-arrested state in vitro assay we show evidence for the
trapping of a pre-six helix bundle fusion intermediate by a covalent reaction with the inhibitory
reactive peptide. Also, using photo-reactive hydrophobic probes we have found ways to inactivate
viral envelope glycoproteins while leaving their overall structures intact. Finally, in order to study
the envelope glycoprotein effects on pathogenesis, we have used an in vitro model of co-culture of
envelope-expressing cells as effectors and CD4+ T cells as targets. We delineated that apoptosis
mediated by envelope glycoprotein in bystander cells correlates with transmembrane subunit (gp41)-
induced hemifusion. The apoptotic pathway initiated by this interaction involves caspase-3-
dependent mitochondrial depolarization and reactive oxygen species production, which depends on
the phenotype of the envelope glycoprotein associated with the virus. Taken as a whole, our studies
have many different important implications for anti-viral therapies and vaccine development.
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Introduction
Viral entry involves a complex cell biological process the elucidation of which requires a
fundamental understanding of membrane trafficking, membrane receptors, conformational
changes of proteins, protein-lipid interactions, and the chemistry and physics of lipids and
membrane micro-domains. The studies our group has pursued on the control of mobility and
disposition of the HIV receptors, CD4, CXCR4 and CCR5, by membrane composition provide
important new insights to the emerging concepts of membrane dynamics and architecture. The
methodologies and concepts developed in the studies on the conformational changes of HIV-1
gp41 in the course of membrane fusion, open new lines of inquiry in the area of protein folding
and refolding in biology. The methodologies we have developed for the kinetic and biophysical
analysis of viral fusion/entry provide substantial improvements in understanding of the mode
of action of inhibitors and antibodies that block viral entry. During recent years we have
continued to invest in developing photosensitized labeling techniques to gain insight into
membrane protein structure and function, specifically of the viral fusion proteins. An important
outcome of these labeling studies is our discovery that labeling hydrophobic domains of viral
proteins results in the inactivation of enveloped viruses without affecting their conformational
integrity. This important new technological advance has broad implications for the
development of cancer and viral vaccines. Another important area of investigation has been
the development of methods to trap intermediate conformations of the envelope glycoproteins
during the fusion process. We have designed and tested peptides analogs that form a covalent
bond with the transmembrane subunit (gp41) of the envelope glycoprotein. These effectively
trap an intermediate conformation and will be important tools in the study of the membrane
fusion process.

1. Membrane Structure and Function
The plethora of new data on membrane proteins, lipids and glycoconjugates is changing our
general view of membrane structure and function [1]. Some of the emerging concepts are that
membranes are patchy, with segregated regions of structure and function, that lipid regions
vary in thickness and composition, and that crowding and ectodomains affect lateral mobility,
and the cytoskeleton is intimately involved in membrane dynamics. Since HIV fusion involves
a complex cascade of interactions of the envelope glycoprotein with two receptors, we have
long argued that membrane organization plays an important role and that interfering with this
may modulate entry [2;3]. We previously reported that the upregulation of cellular ceramide
levels following fenretinide treatment inhibits HIV fusion [4]. As ceramide facilitates the
internalization of a variety of microbes, we hypothesized that it may promote the engulfment
of HIV-1 leading to its destination in intracellular compartments where it becomes inactive.

The lipid content of the cell membrane is primarily composed of glycerophospholipids (GSLs),
sphingolipids and cholesterol [5]. Sphingolipids tend to self associate due to head group
interactions and due to hydrophobic interactions between the saturated side chains. Cholesterol
fills the void between sphingolipids and associates with sphingomyelin through hydrogen
bonding. These interactions result in the segregation of sphingolipids and cholesterol from
glycerophospholipids creating a more ordered phase in the cell membrane termed “rafts” [5].
The lipid composition of the target cell plays an important role in the HIV fusion process.
Receptor recruitment, a prerequisite for fusion, has been shown to be sensitive to lipid
modulation. In primary cells where receptor molecules are expressed in low numbers
cholesterol depletion inhibits fusion and infection. However, overexpression of envelope and
receptors in many model fusion systems obscures this requirement of receptor recruitment
[6]. It has been demonstrated that cholesterol depletion inhibits receptor recruitment by
decreasing the diffusion rate of HIV receptors, implicating receptor restriction as one possible
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mechanism by which modulation of cellular lipids can inhibit HIV fusion [7]. We have used
a number of strategies to alter glycosphingolipid content of target cells leading to a reduction
in susceptibility to HIV-1 entry. These include treatment with inhibitors of sphingolipid
metabolism such as 1-phenyl-2-hexadecanoylamino-3-morpholino-1-propanol (PPMP) [8]
and fenretinide [4], cells expressing various levels of GSLs [9], and treatment with
sphingomyelinase (Smase) [10].

The application of Smase to cells alters the lipid content of the plasma membrane by generating
ceramide upon cleaving sphingomyelin. As sphingomyelin is found primarily in rafts, this is
the site where ceramide is collected. Ceramide is extremely hydrophobic and upon formation,
promotes the coalescence of raft domains into what have been termed “membrane
platforms” [11]. We showed previously that Smase activity, which alters the lipid composition
of cells by increasing ceramide, can have adverse effects on HIV infection [4]. We have further
probed the mechanistic details of how ceramide modulation inhibits HIV fusion. We have
determined that Smase activity restricts the lateral diffusion of CD4 in the membrane. In
contrast, the lateral diffusion of the coreceptor is unaltered. We show that restricting CD4
diffusion by antibody cross-linking also inhibits HIV infection, confirming this approach as a
general mechanism to inhibit fusion. As HIV entry is a highly orchestrated event requiring the
sequential interaction of CD4 and coreceptor, restricting receptor mobility would be expected
to have severe consequences for viral fusion.

Viral entry may be affected by altering membrane trafficking. For instance, we have shown
that treatment of target cells with fenretinide increases their cellular ceramide levels and
reduces their susceptibility to HIV-1 entry [4]. However it appears that the mechanism of
inhibition is different from that of other reagents like Smase which alter ceramide levels.
Although HIV-1 binding to cells is not altered by fenretinide treatment and the distribution of
HIV receptors was unchanged, we observed an increase in HIV-1 uptake into intracellular
compartments We determined that fenretinide treatment promotes the internalization of virions
from the plasma membrane and the accumulation of virus in the endocytic fraction of HeLa
cells [12]. This effect of fenretinide appears to be specific for virus as the endosomal
accumulation of HIV gp120, transferrin and horseradish peroxidase is not increased. Notably,
fenretinide increased the infectivity of influenza, which fuses in the endosomal compartment
upon low pH activation. Our data suggests that fenretinide treatment effectively inhibits HIV
infection by redirecting the virus to the endocytic pathway, resulting in HIV inactivation.

We had reported that CD4 and co-receptor bearing mouse melanoma cells (B16) that express
exceptionally high levels of monoganglioside GM3, a raft-associated ganglioside that interacts
with CD4 were resistant to gp120-gp41-mediated membrane fusion and that the fusion activity
is restored by pre-treatment of the B16 targets with PPMP [9]. On the other hand, a
glycosphingolipid-deficient mouse melanoma cell line (GM95) was perfectly capable of
supporting HIV-1 Env-mediated fusion following the expression of CD4 and co-receptors on
the cell surface [13]. We hypothesized that the block in fusion was due to immobilization and/
or segregation of the CD4 receptor in the plasma membrane of these cells. We investigated
GM3-mediated modulation of CD4 localization and diffusion in the plasma membrane of B16
cells by utilizing a CD4 mutant (RA5) that supports HIV-1 entry despite its preferential
localization into non-raft fraction [14]. In contrast to wild type CD4 (wt-CD4), B16 cells
expressing the RA5 mutant and the cognate coreceptors (CXCR4 or CCR5) readily fused with
cells expressing the corresponding HIV-1 Envs. Although the lateral diffusion of plasma
membrane lipids and CCR5 was similar in B16 cells and GM95 cells, wt-CD4 mobility was
significantly restricted in B16 cells (1.04±0.08×10–11cm2/sec) when compared with the RA5
mutant (3.23±2.77×10–11cm2/sec) with a p value of 0.0112 according to a student t test. In
contrast, wt-CD4 and RA5 mutant when expressed in GM95 cells showed little difference in
CD4 diffusion [15]. Our findings indicate that the lateral mobility of CD4 is an important
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determinant for HIV-1 env-mediated membrane fusion (see Fig. 1) and also provide a novel
mechanism of interplay between membrane lipids and receptors by which host cells can escape
viral infections. We are further investigating whether the restricted mobility of wt-CD4 in B16
cells is due to interactions with GM3 or with other host cell factors.

2. Protein Intermediates in Membrane Fusion
Host cell surface CD4 interactions with HIV gp120-gp41 elicit conformational changes in
gp120, exposing co-receptor [16;17] (CCR5 or CXCR4) binding sites, and in gp41, exposing
the C-terminal heptad repeat region (CHR) and the leucine/isoleucine zipper region (NHR)
(Figure 2) [18]. Co-receptor engagement by gp120 triggers a battery of additional
conformational changes in HIV gp41 eventually resulting in the formation of the thermo-stable
6-helix bundle (viral hairpin) [19;20], which drives the membrane merger and eventual fusion
[21]. Synthetic peptides corresponding to sequences from the NHR and CHR of the HIV
transmembrane subunit (gp41) potently inhibit membrane fusion by binding to the partner
domain thereby interfering with the formation of the viral hairpin [22]. Studies on the kinetics
of interference with HIV fusion by a variety of inhibitors provide a way to study intermediates
of the fusion process [23]. The HIV pre-hairpin conformation can also be accessed by priming
HIV envelope-expressing cells with soluble CD4 (sCD4) and testing the effects of inhibitors
[21;24].

We have studied the mode of action of small molecule antagonists of the viral coreceptors
CCR5 and CXCR4 and peptidic fusion inhibitors such as T20 (Fuseon®/enfuvirtide) which
has been approved for the treatment of AIDS. By examining fusion kinetics of various HIV
strains we found that the sensitivity of HIV to entry inhibitors correlates with
envelope:coreceptor affinity, receptor density and fusion kinetics [25]. The kinetic studies
allowed us to determine parameters that govern fusion and inhibition. We found a window of
opportunity of about 15 min between gp120-CD4 engagement and 6-helix bundle formation
followed by fusion [23]. Furthermore, we have monitored the temporal sequence of
conformational states of HIV-1 gp41 during the course of HIV-1 mediated cell-cell fusion by
quantitative video microscopy using reagents that bind to NHR and CHR [26]. Our sCD4
prime-wash methodology [24] has proven to be very useful in revealing the mode of action of
entry inhibitors. A case in point is our elucidation of the mode of action of Retrocyclin-1, a θ-
defensin [27]. We found that Retrocyclin-1 completely blocked fusion mediated by HIV-1
envelope that used CXCR4 or CCR5, but had little effect on cell fusion mediated by HIV-2
and SIV envelope glycoproteins [27]. Previously it had been thought that Retrocyclin-1
inhibited HIV-1 Env-mediated fusion due to its lectin-like properties [28]. However, our kinetic
studies indicated that Retrocyclin-1 acted late in the fusion cascade with kinetics that were
similar to peptidic entry inhibitors such as C34. Moreover, prime-wash experiments indicated
that retrocyclin targeted the HIV-1 gp41 pre-hairpin state. Surface plasmon resonance
experiments showed that retrocyclin bound the ectodomain of gp41 with high affinity in a
glycan-independent manner, and that it bound selectively to the gp41 C-terminal heptad repeat
(CHR). Native-PAGE, ELISA, and CD spectroscopic analyses all revealed that retrocyclin-1
prevented 6 helix bundle formation. We thus identified a novel mode of action for an innate
effector molecule, which resembles that of HIV-1 gp41entry inhibitors.

2.1 Trapping intermediate envelope glycoprotein conformations—In the early
1990s, researchers discovered that they could add sequences from the NHR and CHR of HIV
gp41 and inhibit viral entry (Fig. 3) [29–32]. The peptide inhibitors bind to regions in HIV
gp41 that are transiently exposed during the fusion process. For biochemical reasons, peptides
derived from the CHR have been the most efficacious at inhibiting viral entry and one of these
enfuvirtide (T20, Trimeris/Roche) is already in the clinic. However, enfuvirtide is currently
reserved as a salvage therapy for treatment-experienced patients. It requires two injections
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daily making the regimen very difficult for patients to maintain. The problems with enfuvirtide
therapy are those that are inherent to peptide therapy in general: relatively short half-lives, poor
distribution in the body, susceptibility to enzymatic degradation and rapid renal clearance. The
mechanism of inhibition of peptide inhibitors is based upon a protein-peptide interaction which
is subject to binding equilibria. We postulated that we could permanently trap an HIV gp41
intermediate by making this interaction covalent. To achieve this, we designed and tested
various peptide analogs composed of chemical spacers and reactive moieties to facilitate
covalent attachment [33].

We tested the permanent inhibition by arresting the HIV entry process using low temperature,
adding the covalent inhibitor and washing extensively before allowing fusion to proceed. Using
this “prime-wash” method, we were able to show that we have permanently trapped an
intermediate of gp41. Two of the covalent peptide inhibitors produced distinct dose dependence
and the IC50 values were measured to be 680 nM and 470 nM. The covalent reaction targeted
for a specific lysine residue was shown by mutagenesis to be preferentially targeted up to a
concentration of 1 μM at which point we hypothesize that the binding sites are saturated and
the peptide more readily available to react with other species. The full permanent inhibition
time point was between 5 and 10 minutes for both compounds. The half-lives of the compounds
in serum were also measured as an indication of other reactivity and were 29 and 55 minutes
with serum and 61 and 79 minutes in the base medium without serum. Although there is
reactivity with other species, the rapid specificity of the reaction for the specific amino acid
was encouraging and this development in peptide inhibitor function will lead to new tools to
better delineate the details of the fusion process and will hopefully contribute to the
development of better therapies. This is also the first demonstration in live cells of the trapping
of a viral envelope glycoprotein fusion intermediate.

2.2 The role of diverse regions of gp41 in HIV-1 kinetics and inhibition—Although
the majority of the attention has been devoted to the role NHR, CHR and 6-helix bundle
formation play in the fusion reaction, other regions appear to be of importance (Fig. 3). These
include: the cytoplasmic tail (CT), the membrane proximal external domain (MPER), the loop,
the membrane-spanning domain (MSD) and the fusion peptide. Mutational analysis coupled
with kinetic studies revealed the fascinating interplay between these regions in the refolding
of gp41 that leads to fusion.

2.2.1 The cytoplasmic tail: Using a cell-cell fusion assay and a panel of HIV Envs with stop
codons at various positions in the CT, we showed that truncations of gp41 proximal to the most
N-terminal alpha helix, LLP2 (lentivirus lytic peptide), increase fusion efficiency and expose
CD4-induced epitopes in the envelope ectodomains [34]. These effects were not seen with a
truncation distal to this domain and before LLP1. Using a dye transfer assay to quantitate fusion
kinetics, we found that these truncations produced a 2–4-fold increase in the rate of fusion.
These results were observed for X4, R5, and dual-tropic envelope proteins on CXCR4- and
CCR5-expressing target cells and could not be explained by differences in envelope protein
surface expression. These findings suggest that distal to the membrane-spanning domain an
interaction of the gp41 LLP2 domain with the cell membrane restricts envelope fusogenicity
during envelope protein processing. As with murine leukemia viruses where cleavage of a
membrane-interactive R-peptide at the C-terminus is required for envelope protein to become
fusogenic, this restriction on envelope function may serve to protect virus-producing cells from
the membrane disruptive effects of the ectodomain.

2.2.2. The membrane-proximal external region: We have further investigated the role of
the tryptophan-rich region immediately adjacent to the membrane-spanning domain, termed
the membrane proximal external region (MPER), which is crucial for the proper functioning
of gp41 as a fusion protein [35;36]. This region is conserved in the vast majority of otherwise
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highly variable HIV-1 isolates. Deletion of the entire stretch of 17 amino acids abrogated the
ability of the envelope glycoprotein to mediate both cell-cell fusion and virus entry without
affecting the normal maturation, transport, or CD4-binding ability of the protein. However, the
MPER-deleted mutant gp41 is fully competent to form six-helix bundle structures following
activation by CD4 and CXCR4 [37]. We had shown that alanine substitution of the five
conserved tryptophan residues produces a phenotype in which the envelope glycoprotein does
not induce syncytia but does permit redistribution of small aqueous dyes between host and
target cells, indicating a failure in fusion-pore expansion [38]. We probed the temporal
sequence of exposure of the membrane-proximal domain of HIV-1 gp41 during the course of
HIV-1 mediated fusion using the broadly neutralizing monoclonal antibodies, 2F5 and 4E10
[36]. The time course for escape of HIV-1 inhibition by 2F5 and 4E10 was similar to that of
inhibition by the CHR peptide, C34, which blocks 6-helix bundle formation.
Immunofluorescence and a high throughput In-Cell Western assay indicated that the reactivity
of antibodies 2F5 and 4E10 against this region decreased at the onset of fusion. However,
addition of C34 did not counteract the loss of binding. These data suggested that conformational
changes in the membrane-proximal domain occur independently of six-helix bundle formation.

2.2.3. Fusion Peptide: The envelope proteins of HIV, gp41 and gp120, make up a complex
that undergoes a series of conformational changes and rearrangements during the course of the
fusion process. These conformational changes lead to the exposure of the N-terminal fusion
peptide of gp41. Insertion of the fusion peptide into the cellular membrane allows the gp41
protein to span both the viral and the cellular membranes leading to lipid mixing and subsequent
entry of the viral core into the cell. There is no high-resolution structural information for the
pre-fusion state of gp41. However, there have been numerous studies of the fusion peptide
including an NMR structural determination in a micelle environment [39]. We investigated the
backbone structure and dynamics of the 30 N-terminal residues of HIV-1 gp41 in membrane-
mimicking environments and the effects of this peptide on lipid mixing. The ensemble of NMR
structures revealed an uninterrupted alpha-helix with residues outside of the micelle showing
enhanced mobility relative to those that are buried. These high-resolution structures of the post-
fusion HIV gp41 ectodomain would place the fusion peptide into close proximity to the
transmembrane region in the fusion-active and/or post-fusion stages. It has been hypothesized
that there are necessary interactions between the fusion peptide and the transmembrane region
during the fusion process [40]. However, structural studies of the transmembrane region have
been difficult to pursue due to insolubility. This makes in silico studies of the transmembrane
region and of its possible association with the fusion peptide highly warranted. Using
computational methods it may be possible to gain insight into a membrane fusion system that
is extremely difficult to study experimentally.

3. Development of Site-Directed Photosensitized Labeling to Study Membrane
Protein Interactions and for Vaccine Development—We have developed a
photosensitized labeling methodology that involves binding of photoactivatable probes to
membrane proteins and lipids following activation of these probes in situ by energy transfer
from a variety of donor chromophores [41]. In the current studies we have used the membrane
bilayer specific probe iodonaphthylazide (INA). We have successfully applied this technique
on orthomyxo-, rabdo- and lentiviruses, showing that we could measure and follow the
insertion and redistribution of viral envelope proteins into the target cell membrane in the
course of fusion [42–44]. This method can also be used to establish which proteins of the viral
envelope penetrate the target cell membrane in the course of infection and thus identify proteins
and membrane compartments that participate in fusion.

Considering the high specificity and efficiency of labeling obtained with these hydrophobic
photoactivable probes, we have investigated their ability to inactivate pathogens [45]. The
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rationale of our approach is based upon the observation that hydrophobic compounds such as
INA are very highly specific towards the lipidic environment and can be activated selectively
in this milieu (Fig. 4). We hypothesize that this could provide a unique way to alter the
pathogenicity of any membrane containing organism while preserving its immunogenicity
towards its use as a research tool or as an immunogen in a vaccine formulation.

We performed experiments on HIV and SIV and showed that we could completely abolish
infectivity while conserving integrity as shown by microscopy and the measurement of binding
by broadly neutralizing antibodies. Through collaboration with USAMRIID, we have studied
the inactivation of biothreat viruses such as Ebola and Marburg. We have determined that INA
treated Ebola virus was unable to propagate in Vero cells. It was also proved to be safe in
animals as all of the mice injected with the equivalent of 50,000 pfu INA-treated Ebola
survived. Furthermore, this vaccination conferred a 90% protection towards challenge with
1000 pfu after three weeks and full short-term protection after 3 days. These results indicate
that the technology we have developed would be efficient in inactivating highly pathogenic
viruses such as Ebola and that the inactivated pathogens were able to activate both arms of the
immune system.

Influenza virus is a pathogen of considerable interest. We have been able to use INA to
completely inactivate influenza virus while preserving its integrity. Even though fully
inactivated, the virus was still capable of undergoing the first stage of the fusion process that
corresponds to the hemifusion [46] of the outer layers without delivery of the genome to the
target cells. Another unique feature of this inactivation technique was shown through the
selectivity of its target. Influenza virus contains on its surface an enzyme, neuraminidase,
whose active site is spatially separated from the transmembrane domain targeted by our
technology. While we get complete inactivation of the virus, the neuraminidase activity is
conserved. Our technology therefore provides a way to inactivate influenza virus while
conserving intact epitopes in a much more efficient way than is done with current inactivation
techniques. We engaged in collaboration with the University of Georgia to assess the
immunological potential of our inactivated virus in a mouse model. The studies showed that
all of the mice subjected to INA inactivated virus were protected against heterologous
challenge. Such a protection is normally only observed with live attenuated virus.

Taken together with recent studies on equine encephalitis virus [47] we established that this
novel method of inactivation based on the use of hydrophobic photoinduceable alkylating
probes is widely applicable to enveloped pathogens. Furthermore, the preservation of the
antigenic epitopes through the targeting of the lipid domain offers new avenues for the
development of whole inactivated vaccines.

As a possible mechanism of the photoactivation-mediated virus inactivation we propose that
the photo-induced reaction of the membrane-spanning domain of the env Glycoprotein with
INA has a similar effect on its fusion potential as truncation of the env glycoprotein into the
membrane-spanning domain. Indeed, in the case of influenza virus, Judy White and coworkers
have shown that the membrane-spanning domain exhibits a stringent length requirement to
support the hemifusion to fusion transition [48]. Moreover, in the case of SIV, Eric Hunter and
coworkers observed that progressive truncations C-terminal to the membrane-spanning domain
of simian immunodeficiency virus Env reduce fusogenicity and increase concentration
dependence of Env for fusion. [49]. Thus, Envs truncated in their membrane-spanning domains
exhibit all of the extracytoplasmic functions required for mediating membrane fusion, but fail
to mediate the dilation of the fusion pore that is required for delivering the viral genes into the
cells to potentiate replication. We propose that INA-modified Envs behave in exactly the same
way.
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4. Mechanisms of HIV-1 gp41 Induced Pathogenesis
HIV infections cause a progressive and irreversible depletion of CD4+ T cells by a mechanism
that has been suggested to rely on apoptosis of uninfected bystander cells [50]. While HIV
envelope glycoprotein has been implicated in the loss of bystander cells by apoptosis, the
mechanism by which envelope mediates this process remains highly debated [51]. Early studies
indicated that binding of cell surface associated gp120 subunit of envelope on infected cells
with uninfected cells leads to apoptosis [52]. However, later studies using the fusion inhibitor
T20 (Fuseon®/enfuvirtide) suggested that the transmembrane subunit, gp41, may play a more
important role in apoptosis induction than previously thought. Numerous studies have
confirmed that apoptosis mediated by HIV envelope expressing cells in bystander cells can be
inhibited by gp41 fusion inhibitor T20 suggesting a direct role of the fusion process [53;54].
Further studies by Blanco, et al, suggested the death of single uninfected cells by gp41 may
be mediated by a process of hemifusion [55]. We have confirmed these findings and have
shown that in fact gp41-mediated hemifusion triggers an apoptosis cascade that involves
caspase 3-mediated mitochondrial depolarization leading to apoptosis [56]. This process was
inhibited by the HIV protease inhibitor nelfinavir (Viracept®) which supports the findings that
nelfinavir may have beneficial effects beyond virus suppression [57].

While these studies relied largely on the ability of gp41 inhibitor T20 to inhibit both fusion
and apoptosis, direct evidence that gp41 can cause apoptosis in the absence of cell to cell fusion
was missing. We undertook a mutational approach to address this issue whereby several
mutations were introduced into gp41 so as to alter the fusion activity and asked what effect
this had on bystander apoptosis [58]. Using a fusion defective mutant (V513E) we
demonstrated that clearly, in the context of envelope-expressing cell-mediating apoptosis in
bystander cells, the function of gp41 is critical. Furthermore using a mutant with either
enhanced activity (CtDel) or decreased activity (G547D), we were able to show that fusion
activity correlates with apoptosis induction. However our most important finding was that a
hemifusion restricted mutant (D589L) that failed to induce full fusion (syncytia formation)
also caused apoptosis in bystander cells in a mechanism similar to fusion competent wild type
envelope. This demonstrates that hemifusion and not full fusion is both required and sufficient
for induction of apoptosis. Finally in a virus replication assay we showed that the kinetics of
WT but not the non-syncytia inducing (W596M) virus can be enhanced by adding caspase 3
inhibitor that prevents hemifusion induced bystander apoptosis allowing for more cells to be
infected. This paradigm whereby replication rates of virus depend on the extent to which they
cause bystander apoptosis in cells (Figure 5) may be a consequence of selection of virus to
adapt to lower levels of CD4 and coreceptor in patients over time. The implications of our
findings go beyond explanation of HIV pathogenesis. Based on our demonstration that less
fusogenic viruses may be less pathogenic, we hypothesize that it may be possible to select
nonpathogenic viruses in vivo by drugs targeting envelope glycoprotein. This is especially true
for T20 (Enfuvirtide), that in certain cases selects for less fusogenic viruses which may also
be less pathogenic as reported by Aquaro et al [59].

Summary
Using a wide array of techniques from biophysical and structural techniques to novel chemistry
to cell culture and virological assays, our laboratory has elucidated many details of the viral
fusion process. The local membrane microenvironment has been determined to control CD4
mobility and hence HIV fusion. We have determined that sensitivity to entry inhibitors
correlates with the envelope:coreceptor affinity, receptor density and fusion kinetics. The roles
of various regions of gp41 including the cytoplasmic tail (Ct), the membrane-proximal external
region (MPER) and the fusion peptide have been revealed as important to entry and are
therefore emerging as alternate targets for inhibition. We have expanded the applicability of
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peptide inhibitors by proving that a permanent covalent reaction can be targeted to a specific
amino acid on the HIV gp41 glycoprotein. The development of photosensitized labeling has
proved to be important not only for studying the details of the mechanisms of membrane fusion
but also for developing novel methods of inactivating infectious agents. The pathogenesis of
HIV bystander cells has now been linked directly to the activity of the gp41 envelope
glycoprotein in the hemifusion state. We hope that our studies on HIV envelope structure and
function will address important issues in AIDS research including development of new and
novel anti-HIV therapies, vaccine development and understanding and altering the
pathogenesis of HIV.
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Abbreviations
HIV  

Human Immunodeficiency Virus

SIV  
Simian Immunodeficiency Virus

gp  
glycoprotein

PPMP  
1-phenyl-2-hexadecanoylamino-3-morpholino-1-propanol

GSLs  
glycosphingolipids

Wt  
wildtype

CHR  
carboxy-terminal heptad repeat of gp41

NHR  
amino-terminal heptad repeat of gp41

sCD4  
soluble CD4 receptor

IC50  
inhibitory concentration 50%

PAGE  
polyacrylamide gel electrophoresis

ELISA  
enzyme-linked immunosorbent assay

CD  
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circular dichroism

CT  
cytoplasmic tail

MPER  
membrane proximal external region

MSD  
membrane spanning domain

LLP  
lentivirus lytic peptide

NMR  
nuclear magnetic resonance

INA  
iodonaphthylazide

USAMRIID  
United States Army Medical Research Institute for Infectious Diseases

pfu  
plaque forming units
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Figure 1.
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). The CD4 cluster then disperses allowing the intermingling
between CD4 and CCR5/CXCR4 molecules (green) and enabling interactions of gp120 with
co-receptors. A further barrage of conformational changes then leads to membrane fusion.
Treatment of target cells with sphingomyelinase (Smase) inhibits the dispersion of CD4
clusters, which disables engagement with co-receptors and the subsequent fusion reaction.
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Figure 2.
Model of the HIV envelope fusion process. The HIV envelope glycoprotein is depicted as a
trimer of heterodimers with the gp120 subunit in brown/yellow and the gp41 subunit in blue/
dark blue. The target membrane contains CD4 in green and the co-receptor (CXCR4 or CCR5)
in pink. The CD4 and coreceptor inhibitors function upstream of the NHR/CHR gp41 peptide
inhibitors in the fusion process.
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Figure 3.
Diagram depicting the regions of HIV gp41 (the transmembrane subunit of the HIV envelope
glycoprotein). The surface subunit HIV gp120 which is non-covalently associated with gp41,
is not shown. The N-heptad repeat (NHR) and the C-heptad repeat (CHR) are shown in aqua.
The MPER is diagrammed in red and the lentivirus lytic peptides (LLP-1 and LLP-2) are in
royal blue. The fusion peptide is seen at the N-terminus (NH) of the molecule and the
cytoplasmic tail is at the C-terminus (COOH). The molecule is shown as a monomer for
simplicity but is most likely trimeric.
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Figure 4.
Activation of INA in biological membranes. Upon addition, INA partitions exclusively in the
lipidic domain due to its very high partition coefficient. When activated by long UV (320–400
nm), the azido moiety forms a highly reactive nitrene radical that induces the covalent binding
of INA to the proteins in its surroundings.
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Figure 5.
Model of regulation of virus replication by Env glycoprotein phentoype. Transmission of virus
in vivo occurs largely across the virological synapse formed between infected cells and naive
cells. This interaction could result in 3 outcomes: 1) Successful transmission of virus to the
target cell. 2) The target cell could fuse with the infected cell to form syncytia. 3) The target
cell undergoes hemifusion-mediated apoptosis. The phenotype of the Env glycoprotein
(apoptosis inducing or not) virus determines whether there is successful transmission or cell
death which in turn effects the kinetics of replication.
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