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Abstract

The human immunodeficiency virus enters cells when its envelope

glycoprotein (gp120/41) triggers fusion between virus and cell membranes.

The experiments in this thesis address several aspects of this process. The

first set of experiments used chemical crosslinkers to examine the quaternary

structure of gp120/41 on the surface of the virus. The data showed that

gp120/41 is oligomeric, consisting of a trimer or tetramer of gp120/41

subunits, and that regions of gp120 are in close contact. Recombinant wild

type, secreted, or glycosylphosphatidylinositol (GPI)-anchored gp120/41 were

made and also found to form oligomers, especially dimers. A higher

oligomeric form was also readily detected in the secreted gp120/41, indicating

that transmembrane and cytoplasmic domains of gp41 are not required for

oligomer assembly. All recombinant gp120/41s appeared to bind well to the

CD4 receptor.

The fusion activity of the recombinant gp120/41s was assessed by

syncytia and fluorescent dye transfer assays. The cells expressing wild-type

gp120/41 fuse extremely well; syncytia were evident by two hours, though

there was a lag time of about 15-20 minutes before any fusion occured. The

cells expressing GPI-anchored gp120/41 did not show any fusion potential,

suggesting that a complete transmembrane domain may be required for

fusion. As expected, the cells secreting gp120/41 did not induce fusion,

because they are not membrane-anchored. When non-syncytial-inducing

gp120/41s were assessed, the fluorescent assay demonstrated fusion between

two cells without progression to syncytia, indicating that conditions that

permit syncytia formation are distinct from those that allow cell-cell fusion

between only two cells.



Finally, the fusion dynamics were probed with a 38-mer peptide

corresponding to the leucine zipper-like region of gp41. This peptide proved

to be a potent inhibitor of gp120/41-mediated cell-cell fusion, and appeared to

inhibit the rate-limiting step of the fusion process, be temperature sensitive,

and preferentially bind to gp120/41-expressing cells. Involvement of this

region of gp41 in coiled coil interactions, most likely with itself, appears to be

a critical component of the gp120/41 fusion mechanism.

%. // 4%%
Judith M. White
Chair, Thesis Committee



Foreword

The human immunodeficiency virus (HIV) infects cells by fusing with

cellular membranes. The envelope glycoprotein (gp120/41) of HIV serves as

the molecular switch for this entry process; it controls what cells the virus

binds to and whether fusion will occur. Understanding how gp120/41

regulates entry requires a detailed characterization of the structural changes

that occur in gp120/41 as it binds to and fuses with cells.

The research described in this thesis addresses several issues central

to the fusion mechanism of gp120/41. In Chapter 1, I review the literature on

entry of enveloped viruses, with emphasis on the influenza paradigm and

what is known about HIV-1. In Chapter 2, I asked the question, “What is the

quaternary structure of gp120/41?” Knowing the oligomeric organization of

the envelope glycoprotein on the surface of the virion provides a starting

point for understanding the structure/function relationship of gp120/41.

In Chapter 3, I describe the generation and characterization of three

recombinant forms of the envelope glycoprotein: a wild-type gp120/41, a

secreted gp120/41 ectodomain, and a gp120/41 ectodomain anchored to the

cell membrane via a glycosylphosphatidylinositol (GPI) tail. The secreted

gp120/41 provided a convenient source of water-soluble ectodomain, which

allows experiments to be done without detergents. An analogous water

soluble ectodomain of the hemagglutinin (HA) of influenza virus (bromelain

fragment, BHA) has been a critical reagent for studying its structure and

function.

The GPI-anchored gp120/41 was made to address the question of

whether fusion proteins would be functional if the transmembrane domain

were replaced by a GPI-anchor. It also provided an alternative way to



generate a water-soluble ectodomain, as GPI anchors are susceptible to

cleavage by the enzyme phosphatidylinositol-specific phospholipase C (PI

PLC). A previous report indicated that a secreted ectodomain of HA did not

retain its oligomeric structure as efficiently as the membrane anchored form.

Because GPI anchor-anchored proteins are synthesized with transmembrane

domains that are later replaced by GPI-anchors as post-translational

modifications, it seemed that the GPI-anchored gp120/41 might be more

likely to retain quaternary structure than the secreted form. An important

criterion for determining the usefulness of the water-soluble ectodomains as

reagents for studying the fusion mechanism of gp120/41 was to show that

they retained oligomeric structure.

In Chapter 4, I discuss data collected using a fluorescent fusion assay

that I established to study several aspects of gp120/41-mediated fusion. The

assay allowed me to follow gp120/41-mediated cell-cell fusion at early time

points and plot the kinetics of fusion. Using a variety of cell types as targets,

I also assessed the fusion potential of several types of mouse cells and asked

whether CD26, a putative fusion receptor for HIV, could promote fusion in

mouse cells.

In the final chapter, I probed the dynamics of gp120/41-mediated cell

cell fusion with a potent peptide inhibitor (DP-107). This 38 residue peptide

corresponds to the leucine zipper-like region of gp41 (residues 553–590 of LAI

strain) and is a potent inhibitor of gp120/41-mediated cell-cell fusion. By

adding peptide to or washing peptide away from cells at various times and

temperatures, I give a preliminary characterization of the timing and

conditions under which the peptide abolishes fusion activity. These studies

raise several important questions about possible steps in gp120/41-mediated
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Chapter 1 Literature Review

Enveloped viruses, such as HIV, infect cells by fusing with cellular

membranes. This fusion takes place when viral fusion glycoproteins

become activated by events that occur soon after the virus binds to its

target cell. Details of how viral fusion glycoproteins induce membrane

fusion remain a fundamental question in cell biology and virology.

Theories about the fusion mechanism of viral glycoproteins have

been dominated by studies of the hemagglutinin (HA) of influenza virus,

the best characterized viral fusion protein. The HA paradigm draws on

data collected using biochemical, biophysical, immunological, and genetic

methods, in conjunction with a high resolution structure of the HA

ectodomain (BHA). HA is a bipartite envelope glycoprotein consisting of a

surface subunit (HA1) that binds target cells and a transmembrane

subunit (HA2) that contains domains critical for fusion (for reviews see 93

and 99). These subunits are generated when HA is cleaved by a cellular

enzyme in the biosynthetic pathway, and they remain joined by a disulfide

bond. The cleavage, which is required for fusion activity (63, 58) positions

a highly hydrophobic stretch of amino acids, termed the fusion peptide, at

the extreme N-terminus of HA2 (42). Non-conservative amino acid

changes in this region can abolish HA fusion activity (21, 41).

HA is trimeric on the surface of virions and infected cells (101, 17,

24). At neutral pH, the beginning of the fusion peptide lies at the trimer

interface, within the interior of the fibrous HA2 stalk (101). After HA

binds sialic acid on surface glycoproteins of its target cells, the virus is

taken into the cell by receptor-mediated endocytosis (reviewed in 88). The

low pH in the endocytic pathway causes HA to undergo a large,



irreversible conformational change that includes partial dissociation of

the globular HA1 heads and relative exposure of the fusion peptide

(reviewed in 93 and 99). These changes may proceed through a series of

stages (95, 53). It is believed that the fusion peptide must move close to, or

even insert directly into, the target membrane for fusion to occur, but

details of this process are not known (46,87, 64, 38).

Recently, a model has been put forward that accounts for how the

fusion peptide, buried deep in the HA2 stalk, might be propelled

approximately 100 Angstroms towards the target membrane to initiate

fusion (11). HA2 contains a continuous 88 residue sequence with a leucine

zipper-like (heptad repeat) motif, characteristic of coiled coils (73).

However, the crystal structure of native HA shows that part of this region

is an extended loop. Peptide studies modeling the loop and adjacent

regions reveal that at the pH of fusion, the loop region assumes a coiled coil

structure (11). Because the adjacent C-terminal region already exists as a

three-stranded coiled coil, extension of the coiled-coil structure involving

loop and its adjacent N-terminal alpha helical region may be responsible

for positioning the fusion peptide closer to the target cell membrane. This

so called “spring-loaded" mechanism for the conformational change of

influenza HA has been at least partially confirmed by the recent report of

the low-pH crystal structure of a water soluble fragment of HA2 (9), which

shows that the loop region assumes a coiled coil structure at the pH of

fusion. Interestingly, the crystal structure also reveals a large

conformational change in the fibrous stem near the transmembrane

domain. However, this water soluble fragment of HA2 may have more

freedom to move than the membrane-anchored HA2.



The conformational changes that take place within the HA

oligomeric complex are almost certainly accompanied by spatial

rearrangements of HA in the plane of the membrane (52, reviewed in 89

and 3). Several HA oligomers probably aggregate at the site that fusion

first takes place, and surface density of oligomers can influence fusion

efficiency (30) and kinetics (16, 20). Once conformational changes and

spatial rearrangememts of HA are achieved, fusion is believed to begin

with the formation of a narrow aqueous pore, on the order of 1–2 nm (86,

85). The pore may transiently flicker a first, but then expands, probably to

at least 100 nm (25), and the membranes then completely unite (reviewed

in 94) Multiple pores may form simultaneously (85). Details of the this

process are not well-characterized.

That features of the HA fusion mechanism are likely to be

generalizable to other viral fusion proteins is strongly suggested by the

several structural motifs that are highly conserved among envelope

glycoproteins from diverse virus families (reviewed in 88 and 94). All

known viral fusion glycoproteins are type I integral membrane proteins,

and many are made as precursors that are proteolytically cleaved to

generate surface (SU) and transmembrane (TM) subunits. SU typically

contains the receptor binding activity, while TM contains the fusion

activity (37). Cleavage, which often occurs at a dibasic site and is required

for fusion activity, positions a fusion peptide at or near the N-terminus of

TM. Though the fusion peptides have only very limited homology among

virus families, they all consist of highly hydrophobic residues (36). Fusion

peptides are frequently near a region that contains a leucine zipper-like

motif (13). Finally, while there is great variation in the cytoplasmic

domains, in many cases, alterations in this domain, particularly those



than result in cleavages or truncations, can significantly influence fusion

activity (8, 28, 51, 12, 48, 49, 59, 100).

The envelope glycoproteins of many viruses other than influenza are

known to undergo fusion-related conformational changes (29, 56, 50, 4, 31,

40, 22). For those viruses that require the endocytic pathway for infection,

low pH is typically the fusion activator. In the case of Semliki Forest

virus, the fusion glycoprotein (E1) exits as fusion-incompetent

heterodimers (E2E1) with another envelope glycoprotein (E2).

Acidification causes E2E1 to undergo conformational changes that results

in the formation of fusion-competent homotrimers of E1 (reviewed in 39).

For viruses whose entry is pH-independent, other triggers have been

suggested, including binding to other viral glycoproteins (82, 61), receptor

binding (2, 45, 79), binding to co-factors (55, 43, 102), and biochemical

modifications including proteolytic cleavage (47, 54, 91, 103) or disulfide

bond exchange (1,78).

Much has been learned about the envelope glycoprotein (gp120/41)

of HIV in the past 10 years, though we are a far way off from having a

coherent picture of the events that take place in gp120/41 when fusion

occurs (reviewed in 34 and 71). The high degree of glycosylation of gp120

also makes it seem unlikely that we will have a crystal structure in the

near future. Nevertheless, important data are accumulating at a rapid

pace.

Like HA, the HIV envelope glycoprotein is bipartite and generated

by cleavage of a polyprotein precursor (gp160) (60). The cleavage is

required for fusion activity, and it positions the fusion peptide at the

extreme N-terminus of TM (68). gp120, the surface subunit, contains the

binding activity, while gp41, the transmembrane subunit, contains the



fusion activity. In most cases, gp120 binds cells by interacting with CD4

(19, 57, 69). However, many studies using a variety of animals cells that

express human CD4 suggest that CD4 alone is not sufficient for entry (66).

Moreover, studies using somatic hybrids reveal that the entry block to

mouse cells can be overcome by complemetation with components from

human cells (26, 7,44). These findings have stimulated a vigorous search

for a second receptor (the putative fusion receptor) or co-factor(s) required

for entry, but the search has thus far not been fruitful. Some cells that

lack CD4 can be infected when galactosylceramide (GalC), a

glycosphingolipid, is used as a receptor instead of CD4 (43, 65, 102).

Whether GalC can act alone as a receptor or whether it can serve as a co

factor remains an open question.

Once gp120/41 binds cells through the appropriate receptors, it is

somehow triggered to initiate membrane fusion. Several studies have

shown that gp120/41-mediated fusion is pH-independent (67, 90), and that

the virus can fuse directly with the plasma membrane. There are also

reports that the virus can enter cells by endocytosis (77). Whether HIV

fuses at the plasma membrane or within endocytic vesicles may reflect the

kinetics of membrane turnover of the cell type (i.e., macrophages have very

fast membrane turnover, and HIV has been seen fusing with macrophage

endosomes).

The pH-independence of HIV entry has led many to speculate that

binding to CD4 triggers fusion-related conformational changes in

gp120/41. Indeed, there is mounting evidence to support this notion,

though the question of whether CD4 is sufficient remains an important,

unanswered question. For many strains of human immunodeficiency

virus type 2 or simian immunodeficiency virus (HIV-2/SIV), which have



envelope glycoproteins that are highly related to HIV-1 envelope

glycoproteins and also use CD4 as a receptor, low concentrations of soluble

CD4 can enhance fusion (2,92), presumably by triggering important

conformational changes. However, for most strains of HIV-1, soluble CD4

inhibits infection or fusion by preventing binding and/or by triggering the

conformational changes prematurely, leading to inactivation (18, 23, 72,

75). This may be analogous to inactivation of HA when it is exposed to low

pH prior to binding (24).

Flow cytometry experiments also show that a highly variable region

(the V3 loop) in gp120 and regions in gp41 become more exposed on

incubation with soluble CD4 (79, 80, 70). Similarly, an antibody that

binds the V3 loop also inhibits infection without affecting virus binding to

CD4 (84). Proteolysis of the V3 loop occurs more readily after CD4 binding

(47, 54, 91), but it is still unresolved whether this is an epiphenomenon of

the conformational change or an integral part of it. Finally, there are also

reports suggesting that disulfide bond exchange may be important (78),

but the prevalence and importance of this process in the fusion are

unclear.

The literature is replete with mutagenesis studies examining the

role of many specific domains of gp120 or gp41 in the entry process. The

CD4 binding region has been mapped to non-continuous regions in gp120,

with residues in the fourth conserved domain being especially important

(62, 74, reviewed in 81 and 10). The V3 loop, which has been identified as

the principal neutralizing epitope, is an important determinant for cell

tropism (83, 33, 76). Fusion activity is impaired or completed ablated by

non-conservative mutations in the fusion peptide (6, 32) or by mutations in

the leucine zipper-like region that are predicted to disrupt secondary



structure (14, 15, 27, 96). Yet fusion activity can be enhanced by some

mutations that truncate the cytoplasmic domain, especially for HIV-2/SIV

(28,48, 51, 35, 12,49, 59, 100).

Studies of viral fusion proteins reveal many similarities and some

important variations. Nature has apparently streamlined the ways that it

precisely regulates the complex process of protein-mediated membrane

fusion. This field is currently exploding with new data leading to

important conceptual changes in the paradigm. Hopefully, we are

approaching a critical mass of information that will further clarify the

fundamental biological process of viral protein-mediated membrane fusion

and bring hope for the generation of novel antiviral agents (97, 98, 5).
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Chapter 2: Oligomeric Structure of HIV-1 Envelope
Glycoprotein: Virion Studies

The contents of this chapter were previously published in Journal of

Virology, 1990, Vol. 64, pages 5674-5677. A photocopy of the printed article

follows.
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The oligomeric structure of the human immunodeficiency virus type 1 envelope glycoprotein (gp120) was
examined by treating infectious virions with chemical cross-linking agents and subjecting the proteins to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and velocity centrifugation. Immunoblots of
cross-linked samples revealed three gp120 bands and an approximately threefold shift in gp120 sedimentation.
Our finding of cross-linking solely between gp120 suggests that the gp120 subunits are closely associated in the
native envelope structure.

Enveloped viruses have surface glycoproteins that medi
ate virus attachment and entry into cells. In all cases
examined in detail, these glycoproteins form oligomers. The
hemagglutinin of influenza virus, the G protein of vesicular
stomatitis virus, and the spike glycoprotein of Semliki Forest
virus, for example, form trimers (13, 15, 17), while the F and
HN proteins of Sendai virus form tetramers (7, 12). For
influenza virus, fusion and infectivity require a conforma
tional change in hemagglutinin involving partial dissociation
of oligomeric contacts (15–17).

Knowledge of the oligomeric structure of the envelope
glycoprotein (gp120-gp41 and precursor gp160) of the human
immunodeficiency virus (HIV) would contribute to our un
derstanding of how this glycoprotein attaches and fuses the
virus to target cells. This information could lead to new
therapeutic strategies against HIV. Moreover, knowledge of
the oligomeric structure is needed to evaluate the quaternary
structure of recombinant forms of the envelope glycoprotein
used in functional studies or immunization trials.

Virus derived from a molecular clone of the highly cyto
pathic HIV type 1st-33 (HIV-1sraa) strain was used for this
study (14). Intact virions from viral pellets were treated with
the cleavable, membrane-impermeable cross-linking agent,
3,3-dithiobis(sulfosuccinimidylpropionate) (DTSSP). After
quenching the cross-linking reaction, the proteins were
solubilized, separated by sodium dodecyl sulfate-polyacryl
amide gel electrophoresis, transferred to nitrocellulose, and
immunoblotted with polyclonal anti-gp120 antiserum. By
using a 100-fold concentration range of DTSSP (0.03 to 3.0
mM), a ladder of three anti-gp120-reactive bands was ob
served (Fig. 1A, lanes 2 to 5, arrows). Independent analyses
using only fetal calf serum have shown that the minor
lower-molecular-weight bands observed on the immunoblots
are due to residual fetal calf serum in the virus samples (data
not shown). At high concentrations of DTSSP (3.0 mM),
only the third band was evident (Fig. 1A, lane 5); no further
anti-gp120-reactive bands were seen with a fivefold higher
concentration of DTSSP (data not shown). Sucrose gradient
purified HIV-1sra, treated with 0.3 mM DTSSP gave the
same three anti-gp120-reactive bands (Fig. 1A, lane 6).
Similar results were obtained with the cross-linking agent
dimethyl adipimidate (data not shown).

* Corresponding author.

The cross-linked products were analyzed in low-percent
age-acrylamide phosphate or Laemmli gels (6), and molecu
lar weights of the anti-gp120-reactive bands were estimated
with reference to the cross-linked phosphorylase b pentamer
(Sigma). Molecular weights of the five cross-linked phos
phorylase b species (Fig. 1A and B, lanes 1) generated a
linear standard curve and were consistent with other com
mercial high-molecular-weight standards (Bio-Rad) and with
the four bands generated by cross-linking beta-galactosidase
(a tetramer) with DTSSP (data not shown). Because the
phosphate gels (specified by Sigma) gave tighter bands of
both the viral proteins and phosphorylase b standards, this
system was used for most of the experiments.

In eight independent experiments, the three anti-gp120
reactive bands migrated as 212 + 14-, 296 + 14-, and 354 it
18-kilodalton (kDa) proteins in 3.5% acrylamide phosphate
gels (Fig. 1A, lanes 2 to 6). In comparison, the three
anti-gp120-reactive bands seen in a 3.5% acrylamide Laem
mligel migrated as 130-, 204-, and 280-kDa proteins (Fig. 1B,
lanes 2 to 5). Here again, the minor bands seen are due to
residual fetal calf serum in the samples. In four separate
experiments using 5% acrylamide Laemmli gels, the three
anti-gp120 bands migrated as 118 + 6-, 226 it 17-, and 383 +
19-kDa proteins (Fig. 2B, lane 1).

To determine whether the high-molecular-weight anti
gp120 reactive bands represent pure oligomers of gp120, we
probed parallel blots with anti-gp41 and anti-p25 antibodies
(Fig. 2A, lanes 2 and 4, respectively). The three anti-gp120
reactive bands (Fig. 2A, lanes 1 and 3) did not react with
anti-gp41 or anti-p25 antibodies (Fig. 2A, lanes 2 and 4,
respectively), indicating that the anti-gp120-reactive bands
did not contain the viral transmembrane or gag proteins
cross-linked to gp120. In addition, when duplicate samples
of solubilized proteins from DTSSP-treated virions were run
on higher-percentage Laemmli gels, no cross-linked gp41 or
p25 products were seen (Fig. 2C, lanes 2 and 4).

Further evidence that the cross-linked anti-gp120-reactive
bands represent gp120 homo-oligomers was obtained by
analyzing recombinant gp120 (rgp120, Chiron) produced in
mammalian cells. In both phosphate (Fig. 1A, lane 7) and
Laemmli (Fig. 2B, lane 2) gels, noncross-linked rgp120
migrated identically to noncross-linked viral gp120, con
firming our assignment of the first band seen in all gel
systems as the gp120 monomer. Unexpectedly, with DTSSP
we also detected cross-linked products of the rgp120, albeit
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FIG. 1. Cross-linking of HIV-1sra, with DTSSP yields three
anti-gp120-reactive bands. Supernatants of HUT-78 cultures in
fected with the HIV-1sry, strain were filtered through a .45-um
pore-size filter and centrifuged in a T19 rotor at 17,000 rpm for 2 h.
Viral pellets (A and B, lanes 2 to 5) were allowed to suspend
overnight in phosphate-buffered saline (PBS) at 4°C to a final
concentration of 2 to 5 mg of protein per ml and were stored at
–70°C until use or were further purified on a 10 to 60% linear
sucrose-PBS gradient in a SW41 rotor run at 40,000 rpm for 16 h
(panel A, lane 6). Recombinant gp120 produced in mammalian cells
by Chiron was suspended in PBS. Cross-linked or control proteins
were solubilized with sodium dodecyl sulfate, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 3.5% acryl
amide phosphate (A) or Laemmli (B) gels, and immunoblotted with
anti-gp120 rabbit polyclonal antiserum (PB32). Primary antibodies
were detected by alkaline phosphatase-conjugated secondary anti
bodies (Promega). Cross-linked phosphorylase b standards were
prepared and loaded as described by Sigma and visualized after
transfer by staining with Ponceau red (lanes 1). Arrows point to the
three gp120 bands. The minor lower-molecular-weight bands are
residual fetal calf serum in the samples. (A) (3.5% acrylamide
phosphate gel) virus (40 to 50 pig) was mixed with PBS (lanes 2) or
treated with 0.03, 0.3, or 3.0 mM DTSSP in PBS (lanes 3 to 5,
respectively), incubated at 37°C for 45 min, and quenched with 0.1
M lysine. Samples were then solubilized with 2% sodium dodecyl
sulfate, diluted with nonreducing sample buffer, and boiled for 2 min
prior to loading. Sucrose gradient-purified virus (lane 6) was treated
with 0.3 mM DTSSP. Recombinant gp120 was treated with PBS
(lane 7). (B) (3.5% acrylamide Laemmli gel) Control and cross
linked viral pellets treated with PBS (lane 2) or 0.03, 0.3, or 3.0 mM
DTSSP in PBS (lanes 3 to 5, respectively), as described above.

to a much lesser extent. The two additional bands observed
after cross-linking rgp120 comigrated with the second and
third gp120 bands observed after cross-linking viral particles
(Fig. 2B, lanes 1 and 2). Therefore, in our system, interpre
tation of the oligomeric state of virion-associated gp120 is
simplified by the fact that the DTSSP-cross-linked anti
gp120-reactive bands represent pure gp120 oligomers.

An independent analysis of the oligomeric state of gp120
was performed by using sucrose velocity gradients (Fig. 3).
HIV-1sras virions, either untreated (Fig. 3A) or treated with
3.0 mM DTSSP (Fig. 3B), were disrupted with 40 mM octyl
glucoside and run on velocity sedimentation gradients con
taining 40 mM octyl glucoside. Proteins from odd-numbered
fractions were precipitated, reduced, separated on a 5%
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FIG. 2. Cross-linked anti-gp120-reactive bands do not contain
other HIV-1 proteins. Virus was cross-linked with 0.3 mM DTSSP
(+) (panel A, lanes 1 to 4 and panel C, lanes 2 and 4) or treated with
PBS (-) (panel C, lanes 1 and 3). The anti-gp41 mouse monoclonal
antiserum (NEA9303, Du Pont) was used against the HIV-1■ ue
strain (provided by M. Jennings) because neither NEA9303 nor any
other available anti-gp41 antibody recognized the HIV-1sra, strain.
The anti-p25 human monoclonal antisera (mixture of 91-5 and 71-13,
provided by S. Zolla-Pazner) was used against the HIV-1sry, strain.
Viral pellets and recombinant gp120 were cross-linked with 0.3 mM
DTSSP, as described in Fig. 1. Transferred proteins were detected
by using either alkaline phosphatase-conjugated secondary antibody
(A and C) or *l-labeled protein A secondary antibody (Du Pont)
and autoradiography (B). (A) Phosphate gels (3.5% acrylamide).
Samples (25 ug [lane 1) and 100 pig [lane 2]) of sucrose-purified
HIV-line cross-linked with 0.3 mM DTSSP were probed with
anti-gp120 and anti-gp41 antisera, respectively. Fourfold more virus
was used for the anti-gp41 immunoblots to ensure that gp41 would
be detected if present. HIV-1st as (40 to 50 ug) cross-linked with 0.3
mM DTSSP was probed with anti-gp120 (lane 3) and anti-p25 (lane
4) antisera. (B) Laemmligel, (5% acrylamide). Viral pellet (lane 1) or
recombinant gp120 (lane 2) treated with 0.3 mM DTSSP. (C)
Laemmli gels. Lanes l and 2, 10% acrylamide; lanes 3 and 4, 7%
acrylamide. HIV-1mm (100 pig; lanes 1 and 2) was probed with
anti-gp41 antiserum. HIV-1sras (40 to 50 pig; lanes 3 and 4) was
probed with anti-p25 antiserum. Lanes 1 and 3, control (PBS
treated) virions; lanes 2 and 4, virions treated with 0.3 mM DTSSP.

Laemmligel, and immunoblotted with anti-gp120 antiserum.
Noncross-linked gp120 was detected in fractions 7 to 11,
with maximal detection in fraction 9. After cross-linking with
a high concentration of DTSSP (3.0 mM), gp120 was de
tected in fractions 19 to 29, with maximal detection in
fraction 21. In contrast, the reverse transcriptase and p25
proteins did not shift their sedimentation positions after
cross-linking, consistent with DTSSP being membrane im
permeable (Table 1).

S values of the noncross-linked and cross-linked gp120
species were estimated from the positions of four internal
S-value markers (arrows in Fig. 3). Averaging the data from
three separate experiments, the S value for noncross-linked
gp120 was 5.3 + 0.8 and that of the peak fraction of gp120
cross-linked with a high concentration of DTSSP (3.0 mM)
was 15.1 + 1.2 (Table 1). When a small amount of the sample
that was applied to the gradient in Fig. 3B was analyzed on
a 3.5% phosphate gel and immunoblotted with the anti-gp120
antiserum, the dominant band seen was the third gp120
(360-kDa) band, although some of the second gp120 (257
kDa) band was also detected (data not shown).
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FIG. 3. Sucrose density gradient centrifugation of control and
cross-linked HIV-1sraa proteins. Control virus (A) or virus treated
with 3.0 mM DTSSP and solubilized with 40 mM octyl glucoside (B)
was loaded onto a 10 to 30% linear sucrose-PBS gradient containing
40 mM octyl glucoside and spun in a SW41 rotor at 40,000 rpm for
16 h at 4°C. Thirty fractions were collected, and proteins from odd
fractions were precipitated, reduced, separated on 5% acrylamide
Laemmligels, and immunoblotted with anti-gp120 antiserum. Num
bering began at the top of the gradient. Primary antibodies were
detected by *i-labeled protein A (Du Pont) and autoradiography.
Lane 1, Lightest fraction; lane 29, heaviest fraction; lane 30, control
sample of virus. Internal S-value standards (indicated by arrows)
were beta-galactosidase (Gal), catalase (Cat), alcohol dehydroge
nase (ALD), and horseradish peroxidase (HRP).

Our combined cross-linking and velocity sedimentation
analyses clearly show that gp120 is organized as oligomers
on the virion surface. After cross-linking gp120 with DTSSP,
we consistently saw three strong gp120 bands; no further
gp120 bands were detected even in the presence of high
concentrations of DTSSP. Molecular size estimates of the
highest oligomeric form are less than 400 kDa in all gel

TABLE 1. Estimates of S values of HIV-1 proteins before and
after cross-linking"

S value
Protein

Noncross-linked Cross-linked

gp120 5.3 + 0.8 15.1 + 1.2”
RT 7.2 + 0.9 6.7 ± 0.6
p25 3.2 + 0.2 2.0 + 1.3

* Gradient fractions from Fig. 3 were analyzed for gp120 as described in the
text, for reverse transcriptase (RT) by enzymatic assay (5), and for p25 by
enzyme-linked immunosorbent assay (Du Pont). S values were determined by
reference to internal standards: beta-galactosidase (15.9 S), catalase (11.3 S).
alcohol dehydrogenase (7.6 S), and horseradish peroxidase (3.8 S). Standards
were detected by enzymatic assay according to instructions of the manufac
turer (Sigma), except alcohol dehydrogenase which was visualized with
Ponceau red after transfer to nitrocellulose. Linear standard curves were
generated in all experiments. Values are means it standard deviations from
three separate experiments.

* S value of peak fraction of cross-linked gp120.

systems. For these reasons, our findings suggest that virion
associated gp120 may be trimeric.

A trimeric envelope glycoprotein structure has previously
been proposed for HIV-1 and the simian immunodeficiency
virus on the basis of electron microscopy studies (3, 4). In
addition, cross-linking and sedimentation studies of Rous
sarcoma virus indicate that the envelope glycoprotein of this
prototypic retrovirus may be trimeric (2). In contrast, a
tetrameric envelope glycoprotein structure for HIV-1 has
been reported by two groups (8, 11). Pinter and co-workers
found gp41 tetramers after HIV was disrupted with dilute
concentrations of sodium dodecyl sulfate (8). Using cross
linking agents on either virions or recombinant gp160, Scha
waller and co-workers reported tetramers of gp41, gp120
gp41, and gp160 (11). Two groups have also reported stable
dimers of the cell-associated envelope glycoprotein for
HIV-1, HIV-2, and simian immunodeficiency virus (1,9,10).
If stable dimers of gp120-gp41 are prevalent and closely
associated on the virion surface, then we must consider the
possibility that the three gp120 bands we detected represent
gp120 monomers, dimers, and tetramers. Although our mo
lecular weight estimates do not favor this interpretation, the
lack of suitable high-molecular-weight markers for heavily
glycosylated proteins preclude precise molecular weight
assignments for the gp120 cross-linked products. Possible
factors contributing to the differences between our findings
and those of others are the source of envelope glycoproteins
(viral, cell associated, or recombinant), the choice of cross
linking agent, and the methods for solubilizing the proteins.
We analyzed glycoproteins on intact virions from fresh
stocks that underwent few purification procedures. Conceiv
ably, the quaternary structure of virion-associated envelope
glycoproteins differs from that of recombinant or cell-asso
ciated envelope glycoproteins. Future biophysical analysis
and high-resolution structural information are required to
definitively resolve whether the HIV-1 envelope glycopro
tein is a trimer or tetramer.

Importantly, this is the first report of chemical cross
linking solely between gp120 subunits. Our consistent find
ing of gp120 homo-oligomers by chemical cross-linking indi
cates that gp120 subunits are closely associated in the native
envelope structure.
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Chapter 3: Characterization of Recombinant HIV-1

Envelope Glycoproteins

The contents of this chapter were previously published in Journal of

Virology, 1993, Vol. 67, pages 7060-7066. A photocopy of the printed article

follows.
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We generated Chinese hamster ovary cell lines that stably express wild-type, secreted, and glycosylphos
phatidylinositol (GPI)-anchored envelope glycoprotein of human immunodeficiency virus type 1 (HIV-1). The
cells expressing wild-type Env (WT cells) express both the precursor gp160 and the mature gp120/gp41 and
readily form large syncytia when cocultivated with CD4° human cells. The cells expressing secreted Env (SEC
cells) release 140-kDa precursor and mature 120-kDa envelope glycoproteins into the supernatants. The cells
expressing GPI-anchored Env (PI cells) express both 140-kDa precursor and mature gp120/gp41 envelope
glycoproteins, which can be released from the cell surface by treatment with phosphatidylinositol-specific
phospholipase C (PI-PLC). Both the secreted and PI-PLC-released envelope glycoproteins form oligomers that
can be detected on nonreducing sodium dodecyl sulfate-polyacrylamide gels. In contrast to the WT cells, the
SEC and PI cells do not form syncytia when cocultivated with CD4° human cells. The availability of cells
producing water-soluble oligomers of HIV-1 Env should facilitate studies of envelope glycoprotein structure
and function. The WT cells, which readily induce syncytia with CD4° cells, provide a convenient system for
assessing potential fusion inhibitors and for studying the fusion mechanism of the HIV Env glycoprotein.

Human immunodeficiency virus type 1 (HIV-1) delivers its
genome to host cells by fusing its envelope with cellular
membranes (37, 45, 52, 55). This process is mediated by an
envelope glycoprotein complex composed of two nonco
valently associated subunits. The surface glycoprotein, gp120.
binds the CD4 cellular receptor (8, 31, 34, 39), and the
transmembrane glycoprotein, gp41, initiates membrane fusion
(13, 15, 19, 46). The molecular details of how gp120 gp41
causes membrane fusion are not known but may involve
conformational changes (1, 23, 42, 50) that expose the fusion
peptide of gp41 in a manner similar to that of the well
characterized influenza virus hemagglutinin (4, 54, 60–62).

gp120 and gp41 are derived from the fusion-inactive precur
sor protein, gp160 (38), which has approximately 850 amino
acids. gp160 is heavily glycosylated and cleaved intracellularly
to yield the mature gp120/gp41 (33, 38). gp160 forms homo
oligomers in cells expressing the glycoprotein (10, 47, 51, 57),
and gp120/gp41 is oligomeric on the surface of virions (51, 58).

In this study, we generated and characterized Chinese
hamster ovary (CHO) cell lines that stably express wild-type.
secreted, or glycosylphosphatidylinositol (GPI)-anchored Env
glycoproteins (WT, SEC, or PI cells, respectively). These cell
lines provide stable sources of membrane-anchored and solu
ble envelope oligomers. The first approach to prepare a soluble
envelope glycoprotein ectodomain was to introduce a stop
codon in the HIV-1 envelope just prior to the transmembrane
domain. Because this strategy does not always produce an
ectodomain that retains native oligomeric structure (53), we
also engineered the HIV envelope glycoprotein such that it
would be membrane anchored via a GPI tail. Oligomeric forms
of the G protein from vesicular stomatitis virus (7), T-cell
receptor (35), major histocompatibility complex class II alpha/

* Corresponding author.

beta complex (59), acetylcholinesterase (9), influenza virus
hemagglutinin (29), and Rous sarcoma virus envelope glyco
protein (18) have been generated in this manner. GPI anchors
are susceptible to cleavage by the enzyme phosphatidylinositol
specific phospholipase C (PI-PLC) (12). Therefore, the GPI
anchored HIV-1 Env ectodomain should be released as an
oligomer after treatment with PI-PLC. The WT, SEC, and PI
cell lines would also allow us to compare the fusion potential of
transmembrane-anchored, secreted, and GPI-anchored forms
of the envelope glycoprotein. This comparison is important for
understanding the fusion mechanism of the HIV-1 Env glyco
protein and fusion proteins in general.

MATERIALS AND METHODS

Recombinant DNA. Envelope sequences from the HXB-2
molecular clone of HIV-1 (Sac [5999]-Xho [8896) sites, as
numbered in Human Retroviruses and AIDS data base of the
National Institute of Allergy and Infectious Diseases) were
taken from plasmid HXB-2env, kindly provided by Dan R.
Littman (44). To facilitate further subcloning, sequences from
this plasmid were mutated by using the oligonucleotide
GCATCTCCGAGCTAGATAAG to recreate the destroyed
Xho site at position 8896 that resulted when the HXB-2
Sac-Xho fragment was originally ligated into the Sal site in the
pSM polylinker. The secreted mutant, pSM-HXB2sec, was
created by site-directed mutagenesis using the synthetic oligo
nucleotide GCTGTGGTATATATAAGAATTCATAATGAT
AGTAGG to create a stop codon at nucleotide position 8270
and a new EcoRI site just downstream of the stop. Conse
quently, the transmembrane protein is truncated at isoleucine,
the second residue before the putative transmembrane domain
(Fig. 1) (20, 33). The GPI-anchored mutant, pSM-HXB2pi.
was created by ligating to the Xho site of envelope a 1.5-kb
nucleotide fragment containing positions 1018 to 2030 from
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FIG. I. Diagram of wild-type (WT), secreted (SEC), and GPI
anchored envelope glycoproteins stably expressed in CHO cells.
Truncation sites and predicted amino acids around the transmembrane
region are shown. C-terminal gp41 ectodomain residues are in bold
face.

decay-accelerating factor (DAF) (40) that contains a signal for
the replacement of a transmembrane domain with a GPI
anchor (43). The synthetic oligonucleotide GGCTGTGGTAT
ATAAAACCAAATAAAGGAAGTGG was used to loop out
the unwanted sequences of envelope and DAF, such that
nucleotide 8272 from envelope was positioned next to nucle
otide 1018 from DAF. With this construct, nine amino acids
from DAF that are contiguous with the GPI anchor were
added to the C terminus of the gp41 ectodomain (Fig. 1).

All constructs were sequenced over the mutated region to
verify that no unintentional mutations were introduced during
mutagenesis. Prior to generation of stable transfectants, the
constructs were expressed transiently in COS-7 cells (Ameri
can Type Culture Collection, Rockville, Md.) to verify that
they encoded proteins of the correct molecular mass.

For stable expression, the envelope sequences were inserted
into the EE14 expression vector (Celltech, Ltd., London,
England), which has a glutamine synthetase minigene for
selection and amplification and a human cytomegalovirus
promoter. The envelope sequences from pSM-HXB2/Xho,
pSM-HXB2sec, and pSM-HXB2pi were inserted into the
EcoRI site in the EE14 polylinker.

Tissue culture. Using the calcium phosphate DNA copre
cipitation method as specified by Celltech, CHO-K1 cells
(American Type Culture Collection) were cotransfected with
10 pig of the pHE 14-envelope constructs and 7 pig of an
expression vector encoding HIV prEV (26), provided by

Tristram Parslow (University of California, San Francisco).
After 36 h, the transfected cells were switched to selective
medium containing the drug methionine sulfoximine (MSX;
Sigma Chemical Co., St. Louis, Mo.). Selection was begun at
25 p.M MSX in glutamine-deficient minimal essential medium
(GMEM-S) (29) and gradually increased to 300 p.M over the
course of 5 weeks. Surviving colonies were picked, replated,
and screened for envelope expression by Western blot (immu
noblot) analysis. Approximately 3 months posttransfection, the
concentration of MSX in the medium was increased further
and maintained at 400 p.M. The cells described in this report
represent the lines expressing the highest levels of envelope
glycoprotein after selecting three successive colonies.

Antibodies and reagents. The rabbit polyclonal anti-gp120
antiserum (PB 32) was provided by Phillip W. Berman, Ge
nentech, Inc. (South San Francisco, Calif.). The human mono
clonal anti-gp41 antibody and T-cell lines HUT-78, CEM,
SupT-1, and Molt+/clone 8 were provided by Jay A. Levy
(University of California, San Francisco). Dan R. Littman
(University of California, San Francisco) provided the
HeLa-T4 and 3T3-T4 cell lines and soluble CD4. The anti-V3
loop mouse monoclonal antibody 110.3 was obtained from
Genetics Systems (Seattle, Wash.). CD4-immunoglobulin G
(IgG) (5) and purified gp120 produced in CHO cells were
provided by Genentech, Inc. The phycoerythrin-conjugated
anti-mouse monoclonal antibody was purchased from Caltag
Co. (South San Francisco, Calif.).

Immunoprecipations. Cells in 10-cm-diameter dishes were
incubated in cysteine-methionine-deficient medium (Select
Amine; GIBCO BRL) for 90 min before incubation overnight
in 5 ml of cysteine-methionine-deficient medium containing
2% supplemented calf serum and 0.25 mci of ["S]cysteine
methionine (ICN Biochemicals. Irvine, Calif.). Methods for
immunoprecipitating have been described previously (28).
Briefly, the cells were washed three times with phosphate
buffered saline (PBS), lysed with 1% Nonidet P-40–0.1 M Tris
(pH 7.5) containing a protease inhibitor cocktail, immunopre
cipitated, run on nonreducing sodium dodecyl sulfate (SDS)-
polyacrylamide gels, enhanced by soaking in Amplify (Amer
sham) for 15 min, dried, and autoradiographed (Kodak XAR
film).

CD4 binding. CD4 binding assays were performed as immu
noprecipitations in which 250 ng of CD4-IgG per 1-ml sample
of cell lysate was used as the primary antibody.

Surface expression. Cells were removed from dishes by
incubation with PBS containing 0.5 mM EDTA and 0.5 mM
EGTA (ethylene glycol-bis-(3-aminoethylether)-N,N',N',N'-
tetraacetic acid). Approximately 10" cells were pelleted. resus
pended in 100 pil of FACS (fluorescence-activated cell sorting)
buffer (2% supplemented calf serum in PBS without cations),
and incubated with a 1:500 dilution of anti-gp120 mouse
monoclonal antibody 110.3 on ice for 30 min. The cells were
then washed once with FACS buffer, incubated with a 1:20
dilution of phycoerythrin-conjugated goat anti-mouse mono
clonal antibody on ice for 30 min, then washed again, and
immediately analyzed on a FACSscan flow cytometer (Becton
Dickinson, Mountain View, Calif.).

-

Release of GPI-anchored envelope glycoprotein. Adherent
cells in 10-cm-diameter dishes were washed twice with PBS
without cations before addition of 8 pil of PI-PLC (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.) in 1.2 ml of
incubation buffer (1 mg of bovine serum albumin and protease
inhibitors per ml in PBS without cations). The cells with
enzyme and incubation buffer were then incubated for 1 h at
37°C with intermittent rocking. Cells were then washed once
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with PBS and immediately stained and analyzed by flow
cytometry as described above. Samples of the PI-PLC super
natants were also harvested, cleared of cell debris by centrif
ugation at 14,000 rpm for 12 min, and analyzed for envelope
glycoprotein by immunoprecipitation with CD4-IgG or anti
bodies as described above.

Syncytium assay. Approximately 5 × 10° CD4+ cells and
envelope-expressing cells, removed from stock dishes by incu
bation in calcium- and magnesium-free PBS containing 0.5
mM EDTA and 0.5 mM EGTA, were coplated in six-well
dishes containing 3 ml of GMEM-S medium. The cocultures
were incubated overnight at 37°C, and syncytia were visualized
microscopically the next day. For photography, supernatants
were aspirated, and cells were rinsed with PBS, fixed with 10%
formaldehyde-PBS for 3 min, quenched with one wash of 100
mM glycine—PBS, and stained with Giemsa dye. Kodak ASA
400 Tri-X pan film and an orange filter were used for photog
raphy.

RESULTS AND DISCUSSION

Transfections. CHO cells were transfected with HIV-1
envelope constructs (Fig. 1), and cultures were selected with
MSX and screened for envelope glycoprotein expression by
Western blot analysis. In two separate transfections, it was
relatively easy to identify colonies in the SEC and PI cultures
that were positive for Env expression (9 of 12 for both cell
types). Conversely, only 2 of 21 colonies analyzed from the WT
cultures expressed detectable levels of Env. Expression of all
three forms of the envelope glycoprotein has been stable in the
selected cell lines, even after more than a year of continuous
culture.

The fact that fewer colonies expressed wild-type Env relative
to the Secreted or GPI-anchored ectodomain is consistent with
previous reports that the carboxy terminus of gp160 modulates
export, processing, and stability of the envelope glycoprotein in
some cell types (2, 14, 21). The relative ease of obtaining GPI
cells suggests that membrane association of Env does not, in
itself, limit envelope expression.

Expression. Cell lysates of the WT cells showed the 160-kDa
precursor glycoprotein and the mature gp120. Cell lysates of
the SEC and PI cells showed uncleaved precursors, which ran
as approximately 140-kDa proteins, as well as mature gp120
(data not shown). The migration of the precursors in the SEC
and PI cells is consistent with the deletion of 173 amino acids
from gp41.

The gp120 of all three cell lines was readily detected in
media of overnight cultures (Fig. 2). The appearance of
significant quantities of gp120 from the WT and PI cells
probably reflects the tendency of the gp120 from this strain of
HIV-1 to shed from gp41 (l7, 48). The amount of shed or
secreted envelope glycoprotein from overnight cultures was
estimated by Western blot analysis, by comparison with known
quantities of purified gp120 produced in CHO cells. With this
method, we estimated that the WT. SEC, and PI cells released,
respectively, 10, 60, and 20 ng of gp120 per ml in overnight
supernatants from ~5 × 10" cells (data not shown).

On low-percentage, nonreducing SDS-polyacrylamide gels,
the SEC supernatants showed bands of apparent molecular
masses of ~260 and ~370 kDa, in addition to the 140-kDa
precursor and 120-kDa bands (Fig. 2). The -260- and ~370
kDa bands probably represent oligomers of the uncleaved
gp140 precursor and/or the gp120/truncated gp41 complex.
The oligomers were readily immunoprecipitated by both CD4
IgG (Fig. 3) and anti-gp120 polyclonal antisera (data not
shown). Of note, our system to generate a secreted envelope

– 485

— 388

FIG. 2. Immunoprecipitation of supernatants from "S-labeled
cells with CD4-IgG. Radiolabeled proteins were analyzed on a nonre
ducing SDS–4% polyacrylamide gel. Storage of samples at – 20 C
reduced the efficiency of oligomer detection. The ■ aint high-molecular
weight band seen in the PI lane appears to be nonspecific, as it can be
seen in control lanes when exposed to match the background seen in
the PI lane. EE, control cells. Positions of commercial molecular
weight standards (cross-linked phosphorylase b: Sigma) are shown on
the right in kilodaltons.

glycoprotein differs from previous ones (3, 10, 22) in the exact
placement of the stop codon, the use of wild-type sequences
around the gp120/gp41 cleavage site (3), and the use of a
different expression vector and cells.

Cell surface expression. The presence of gp120 in the
supernatants of all cell lines suggested that the envelope
glycoproteins are exported to the cell surface. To obtain more
direct evidence for this, we analyzed live cells by flow cytom
etry (Fig. 3A). Using a monoclonal antibody against the V3
loop (antibody 110.3), we saw significant fluorescence in all
three cell lines, with the highest cell surface staining in the PI
cells. Surface staining of the SEC cells may be due to nonspe
cific sticking of the secreted envelope glycoprotein to the cell
surface. Surface staining of a similarly truncated envelope
glycoprotein expressed with a vaccinia virus system has previ
ously been reported (11). A biotinylation analysis revealed that
the WT and PI cells both express precursor and mature
glycoproteins on their surface (data not shown).

Release of GPI-anchored envelope glycoprotein. When the
PI cells were treated with PI-PLC, approximately half of the
surface envelope glycoprotein was released from the cell
surface, indicated by a 50% reduction in surface staining in
flow cytometry experiments (Fig. 3C). Since the WT cells (Fig.
3B) did not show decreased gp120 surface staining on flow
cytometry after PI-PLC treatment (Fig. 3B), it is unlikely that
the PI-PLC treatment resulted in degradation or nonspecific
cleavage of the surface glycoproteins. GPI-anchored proteins
frequently have inositol ring modifications that provide addi
tional sites for membrane anchoring that render them resistant
to treatment with PI-PLC (12). This could explain why somc of
the envelope glycoproteins on the GPI cells remained associ
ated with the cell surface after treatment with PI-PLC.

After treatment with PI-PLC, the supernatants were ana:
lyzed on nonreducing, SDS–4% polyacrylamide gels. The Pl
cells consistently released the 140-kDa precursor and mature
gp120 as well as a band of ~260 kDa. In some gels, a weak
band of ~370 kDa was also seen (Fig. 4, lane 4). The -260
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FIG. 3. (A) Relative fluorescence intensity by flow cytometry of
cells stained with a monoclonal antibody against the V3 loop of gp120.
(B) WT cells stained before and after PI-PLC treatment. (C) PI cells
stained before and after PI-PLC treatment.

and -370-kDa bands line up with the oligomer bands seen
when SEC cell supernatants were run on nonreducing gels
(Fig. 4, lane 5). Poorer detection of the -370-kDa band in the
Pl samplc may be due to lower protein loading, relative
instability of the PI oligomer in SDS, and/or the production of
different oligomeric forms in the PI versus SEC cells. It will be
important to compare the oligomers from the SEC and PI cells
with those produced from other constructs designed to yield
oligomeric ectodomain fragments of the HIV envelope glyco
protein (3, 11, 22). The gp120 seen in the supernatants of
PI-PLC-treated WT cells (Fig. 4, lane 2) and mock-treated Pl
cells (Fig. 4, lane 3) probably represents residual shed gp120
that was not completely washed from the cell surface prior to
PI-PLC treatment or continued gp120 shedding during the
PI-PLC incubation.

Syncytia. The most convincing demonstration of the produc
tion of functional gp120 gp41 at the surface of WT cells was
the appearance of numerous large syncytia when the WT cells

PI-PLC + + – + –
*~ Ocell line & $ & 3 &

** ,

–370

– 140

– 120•º
1 2 3 4 5

FIG. 4. Env proteins in the supernatants of cells treated with
PI-PLC. Cells were radiolabeled, and Env proteins in the culture
supernatants were immunoprecipitated with a mixture of anti-gp41
monoclonal and anti-gp120 polyclonal antisera and analyzed on a
nonreducing SDS-4% polyacrylamide gel. (The combination of both
antibodies gave stronger signals than did either antibody alone.)
Lancs: 1 to 4, washcd cells treated with mock ( – ) or PI-PLC (+)
buffer; 5, overnight supernatant from SEC cells. A >400-kDa band
appears to be nonspecific, as it is present in the control (lane 1). The
appearance of gp120 in lanes 2 and 3 is explained in text.

were cocultured with CD4" human cells (Fig. 5B). The
syncytia induced by the WT cells mimicked those produced by
HIV-1-infected cells. The WT cells formed syncytia with all
CD4" human cells tested, including HeLa-T4 (Fig. 5B), HUT
78. CEM, Sup'■ -1, and Molt+/clone 8 (data not shown), but not
with mouse 3T3-T4 cells (data not shown). Soluble CD4 and
the anti-V3 loop antibody 110.3 inhibited syncytium formation
by at least 95% (data not shown). Neither the SEC nor PI cells
formed syncytia with CD4+ cells (Fig. 5C and D). We did not
expect the SEC cells to form syncytia, because the secreted Env
lacks a membrane anchor, and all known fusion proteins
contain a hydrophobic transmembrane domain in addition to a
hydrophobic fusion peptide. Presumably the presence of two
highly hydrophobic domains within a single protein allows the
fusion protein to bring the target and effector cells into close
contact, facilitating membrane fusion (60).

The PI cells do not produce syncytia. This defect is not likely
due to the elimination of the cytoplasmic tail of gp41, as
previous reports have shown that major truncations of gp41's
cytoplasmic tail do not abolish syncytium formation and actu
ally enhance syncytium formation in some cell types (6, 11, 14.
25, 32. 33). Another reason for lack of syncytium-promoting
activity of the PI cells is that they might express insufficient
quantities of properly folded, processed, and/or oligomerized
envelope glycoprotein at their surface, due either to the
glycolipid anchor itself or to the nine carboxy-terminal residues
added from the GPI anchor addition signal (24). The data,
however, suggest that this may not be the case. The Piccils
express more (Fig. 3) proteolytically processed (data not
shown) glycoprotein at their surface than the WT cells do, and
these GPI-anchored envelope glycoproteins bind CD4 (Fig. 2)
and V3 loop antibodies (Fig. 3). The PI cells also produce
envelope glycoprotein oligomers (Fig. 4). Although it remains
to be determined exactly how the GPI-anchored Env oligomers
compare with WT oligomers, it is generally believed that
correct folding and oligomerization are required for cell
surface expression (27).

A more interesting and plausible reason for the inability of

35



slo,Lº■ tvulsituatloogsnuouinboupºuputsºuvu
ºnbºundsºu■ unlºuntº/unnlu■ onºuvunºutºnvuoluon

5unnput-uoismout■ ouoillºlitultºolnunxi(,‘Iputout|w
IVºf‘suitous'iTºllowsnº"I"hrºseurVºl'h“I(IturnpoºlF.

Sotº-osts:toonA■ ºldiunloudony;
ºdonvuº|\|\lsnuiv\bunºliopountulu■uvuununullouvuopºr

m|nornººut10AllYºuniountutuputunissoidsost,uodal')
Iput:'swountriv-1.‘unudo01:)i■‘uºl'hlouais"dsounx

‘IV\\1rurhºn()runui'inN.“)alppuriºn"\\.1ºutruatiº
Utiltºsº[*:-)tº1visoulInd

smonuluonuputon\u'advlsnutavouniouspountulu■uvuunu
oth■ o■ ºldi■ oslurinspolnionsputphilºssº-nuºuquioulo

uoissºudssº,irut:Hºxi()put:'sounx-1v\\“w"dºuttuahC.
SNI)|

ºrsul:lrtYouniºnssºnnolour■ oldano,ºniostºllwunnooluAl's
■ olununnuruu.Itºoºn;'w(Iput‘ssneans‘■“sºfºutliv|

S.H.)Nihºli-Ih

-

outlºw
|vIonsciivtºnotoiºsº|\piwallsinMuruolilº)■ ousunalun

Yuhtutºillui15tº\lputslºw()ontoLo■ t).V-1INputalluAw
lvon1tºIvº()xslurinHIN\lpºlloddnºslºwHuowsºul.

ldunsmurunull■ osu■ pen■Ironunolunurºl
urºnsputunturotºunqu)ruuno■punuomººrdniddunsmuru

toºutwin/)unlºIsnipnisvulnuovowolloutuldisutoºuntulln-l
ºnsHuruln\\sluºrotowºul',')turns1|pur:uvuuin!IHurol
vº\\r■ºutunolununi)uvuuinºlwdillºudºpalwouinnºw

S.I.N.-liv")(13.1"IMONN.)V

(0sºlt)uomºzunuu,nanool
-oudºvnonlin■ oºn15nunw·unjuurºrjunssnulssunºdou

oul■ ostuo,Yuouo■ illotopontinuijnlºulpowoulsoutboº
IlununssmundouununuhuluoNuowsnouvoidost:Inq(LF)

SIrnpia■ putpoinoju-I-AIHu■po■ inuopiunoqLtd;Yunuoilo
IoallinodssopounurNaruVuolos()0diLo(),diYunu

-oudu■ otrultuou■lununlºpsnipountil■ otunnoodstºuniºn
\■ qrqoldpnowvoiduonvuºipubuo■ illounsººutborºI-AIH

uptolunuodulonlupuoduupouolovoidplmonunloudony;
odolovuºYunuojioalumlosi\||ºutIuptuopolon\uºlout■ o

snipnisbinolountuutputTºnisMudoluroilununoiudoournºv
nuost.Hºwsloo5uissoudwo-utoloidonM■odolosuopololons

putpolotout-Idº)ouLS\ºssi,Jollu■ tu■uoismputsnipnis
uoismtoSlunjrolournlextuouljurºrusilonununu.FCI.)

uniwºnAnuvºhonput\uproisilon5uissoudvo-vu-Iadvi-pilw
in()(or99)ºnAbuAsoutsixtuolouopsilonosothput(0,)

onsilon5uissoudvb-vuºlodºl-plºwunourulnonlins||nnYulin
AuºsºnsossoidvoisosposiCIsmononiu■put\■ ilolly■ omininsul

|puollºwºut1501,lun■ rºiobuhinjºputuniºnsºfSCIIV
oultuo■ i()outIlanRuissoudvo-vu-ourisoluº■ tºvºMuobul

Alluoun)utonounpunounonusAud■ osnipnis■ oviourv1.
10||nownoup|nonpulSuloloidoo'■odolosuoI-AIIIpºuniºns

purpououinun-oupluuou■ ooninossnounoluluouputhurls
tº\pivoidliodo1sluiulpoquosopsoul||nonulluruuns

(09)uonoraiuoismour■ quatunoduon
tºbinnovatousoopinqsoon(60)annootuOdal-plºwnulnºt

Suonpuon5ubnput-uoisminpunuomºulo■ uosojutsunpur.
sourluunuinjurisputu15untºsuounluwutumn|Ricuou
snulsrºundlulpolotout-Idº)tºuosoupnisluboniMupolloddins

sixu■ uissodsºulºnluoiosnuou\nuounuu,nunsunloudony;
In11Apoliouour-dº)lºulsiºnNouvsnonputonslooIdout

slº

98.



9.

| ().

18

19.

2().

. Byrn, R. A., J. Mordenti, C. Lucas, D. Smith, S. A. Marsters, J. S.
Johnson, P. Cossum, S. M. Chamow, F. M. Wurm. T. Gregory,
J. E. Groopman, and D. J. Capon. 1990. Biological properties of a
CD4 immunoadhesin. Nature (London) 344:667–670.
Chakrabarti, L., M. Emerman, P. Tiollais, and P. Sonigo. 1989.
The cytoplasmic domain of simian immunodeficiency virus trans
membrane protein modulates infectivity. J. Virol. 63:4395–1403.

. Crise, B., A. Ruusala, P. Zagouras, A. Shaw, and J. K. Rose. 1989.
Oligomerization of glycolipid-anchored and soluble forms of the
vesicular stomatitis virus glycoprotein. J. Virol. 63:5328–5333.

. Dalgleish, A. G., P. C. Beverley, P. R. Clapham, D. H. Crawford,
M. F. Greaves, and R. A. Weiss. 1984. The CD4 (T4) antigen is an
essential component of the receptor for the AIDS retrovirus.
Nature (London) 312:763–767.
Duval, N., E. Krejci, J. Grassi, F. Coussen, J. Massoulie, and S.
Bon. 1992. Molecular architecture of acetylcholinesterase collagen
tailed forms; construction of a glycolipid-tailed oligomer. EMBO
J. 11:3255-3261.
Earl, P. L., R. W. Doms, and B. Moss. 1990. Oligomeric structure
of the human immunodeficiency virus type I envelope glycopro
tein. Proc. Natl. Acad. Sci. USA 87:648–652.

. Earl, P. L., S. Koenig, and B. Moss. 1991. Biological and immu
nological properties of human immunodeficiency virus type 1
envelope glycoprotein: analysis of proteins with truncations and
deletions expressed by recombinant vaccinia viruses. J. Virol.
65:31–41.

. Ferguson, M.A., and A. F. Williams. 1988. Cell-surface anchoring
of proteins via glycosyl-phosphatidylinositol structures. Annu.
Rev. Biochem. 57:285–32().

. Freed, E. O., D. J. Myers, and R. Risser. 1990. Characterization of
the fusion domain of the human immunodeficiency virus type I
envelope glycoprotein gp41. Proc. Natl. Acad. Sci. USA 87:4650–
4654.

. Gabuzda, D. H., A. Lever, E. Terwilliger, and J. Sodroski. 1992.
Effects of deletions in the cytoplasmic domain on biological
functions of human immunodeficiency virus type I envelope
glycoproteins. J. Virol. 66:3306–3315.

. Gallaher, W. R. 1987. Detection of a fusion peptide sequence in
the transmembranc protein of human immunodeficiency virus.
Cell 50:327–328.
Gama Sosa, M. A., R. DeGasperi, F. Fazely, and R. M. Ruprecht.
1989. Human cell lines stably expressing HIV ent and ta■ gene
products. Biochem. Biophys. Res. Commun. 161:305-31 1,

. Gelderbloom, H. R., H. Reupke, and G. Pauli. 1985, Loss of
envelope antigens of HTLVIII/LAV, a factor in AIDS pathogen
esis? Lancet ii: 1() ()–1(). 17.

Gilbert, J. M., L. D. Hernandez, T. Chernov-Rogan, and J. M.
White. 1997. Generation of a water-soluble oligomeric ectodomain
of the Rous sarcoma virus envelope glycoprotein. J. Virol. 67:
(58.89–0892.
Gonzalez-Scarano. F., M. N. Waxham, A. M. Ross. and J. A. Hoxie.
1987. Sequence similarities between human immunodeficiency
virus gp41 and paramyxovirus fusion proteins. AIDS Res. Hum.
Retroviruses 3:245–252.
Haffar, O. K. D. J. Dowbenko, and P. W. Berman. 1988. Topo
genic analysis of the human immunodeficiency virus type I enve
lope glycoprotein, gp160, in microsomal membranes. J. Cell Biol.
107: 1677–1687.

. Hallenberger. S

. Haffar. O. K. G. R. Nakamura, and P. W. Berman. 1990. The
carboxy terminus of human immunodeficiency virus type I gp160
limits its proteolytic processing and transport in transfected cell
lines. J. Virol. 64:3 l (M)—3 l ()3.

. S. P. Tucker. R. J. Owens, H. B. Bernstein, and
R. W. Compans. 1993. Secretion of a truncated form of the human
immunodeficiency virus type I envelope glycoprotein. Virology
193:5 |(}–5 |4.

. Hart, T. K. R. Kirsh, H. Ellens. R. W. Sweet. I). M. Lambert, S. R.
Petteway Jr., J. Leary, and P. J. Bugelski. 1991. Binding of soluble
CD4 proteins to human immunodeficiency virus type I and
infected cells induces release of envelope glycoprotein gp120.
Proc. Natl. Acad. Sci., USA 88:21.89–2 193.

. Helseth, E., U. Oldeshevsky, D. Gabuzda, B. Ardman. W. Hasel
tine, and J. Sodroski. 1990. Changes in the transmembrane region

30.

31.

33.

34.

36.

37.

38.

39.

4().

41.

43.

44.

of the human immunodeficiency virus type I gp41 envelope
glycoprotein affect membrane fusion. J. Virol. 64:6314–6318.

. Hirsch, V. M., P. Edmondson, M. Murphy-Corb, B. Arbeille, P. R.
Johnson, and J. I. Mullins. 1989. SIV adaption to human cells
Nature (London) 341:573–574.

. Hope, T.J., D. McDonald, X. J. Huang, J. Low, and T. G. Parslow.
1990. Mutational analysis of the human immunodeficiency virus
type 1 Rev transactivator: essential residues near the amino
terminus. J. Virol. 64:5300–5366.

. Hurtley, S. M., and A. Helenius. 1989. Protein oligomerization in
the endoplasmic reticulum. Annu. Rev. Cell Biol. 5:277-307.

. Kemble, G. W., D. L. Bodian, J. Rosé, I. A. Wilson, and J. M.
White. 1992. Intermonomer disulfide bonds impair the fusion
activity of influenza virus hemagglutinin. J. Virol. 66:4940–4950.

. Kemble, G. W., Y. Hennis, and J. M. White. 1993. Ectodomain of
GPI-anchored influenza hemagglutinin is similar. but not identi
cal, to the wild-type: modulation of receptor-binding activity. J.
Cell Biol. 122:1253–1265.
Kemble, G. W., and J. M. White. GPI-anchored influenza hemag
glutinin mediates lipid, but not content, mixing implications for
the fusion mechanism. Submitted for publication.
Klatzmann, D., E. Champagne, S. Chamaret, J. Gurest, D. Gu
etard, T. Hercend. J. C. Gluckman, and L. Montagnier. 1984.
T-lymphocyte T4 molecule behaves as receptor for human retro
virus LAV. Nature (London) 312:767–778.

. Kodama, T. K., D. P. Wooley, Y. M. Naidu, H. W. Kestler III, M. D.
Daniel, Y. Li, and R. C. Desrosiers. 1989. Significance of prema
ture stop codons in env of simian immunodeficiency virus. J. Virol.
63:47()9–47 14.
Kowalski, M., J. Potz, L. Basiripour. T. Dorfman, W. C. Goh, E.
Terwilliger, A. Dayton, C. Rosen, W. Haseltine, and J. Sodroski.
1987. Functional regions of the envelope glycoprotein of human
immunodeficiency virus type 1. Science 237:1351–1355.
Lasky, L.A., G. Nakamura, D. H. Smith, C. Fennie, C. Shimasaki,
E. Patzer, P. Berman, T. Gregory, and D. J. Capon. 1987.
Delineation of a region of the human immunodeficiency virus type
| gp120 glycoprotein critical for interaction with the CD4 receptor.
Cell 50:975–985.
Lin, A., B. Devaux, A. Green, C. Sagerstrom, J. Elliott, and M.
Davis. 1990. Expression of T cell antigen receptor heterodimers in
a lipid-linked form. Science 249:677-679.
Littman, D. R., and T. Scanlan (University of California, San
Francisco). Personal communication.
McClure, M. O., M. Marsh, and R. A. Weiss. 1988. Human
immunodeficiency virus infection of CD4-bearing cells occurs by a
pH-independent mechanism. EMBO J. 7:513–518.
McCune, J. M., B. Rabin, M. B. Feinberg. M. Lieberman, J. C.
Kosek, G. R. Reyes, and I. L. Weissman. 1988. Endoproteolytic
cleavage of gp160 is required for the activation of human immu
nodeficiency virus. Cell 53:55–67.
McDougal. J. S., M. S. Kennedy, J. M. Sligh, S. P. Cort. A. Mawle,
and J. K. A. Nicholson. 1986. Binding of HTLV-III/LAV to T4+
T cells by a complex of the 110K viral protein and the T4 molecule.
Science 231:382–385.
Medo■ , M. E., D. M. Lublin, V. M. Holers, D. J. Ayers. R. R. Getty,
J. F. Leykam, J. P. Atkinson. and M. L. Tykocinski. 1987. Cloning
and characterization of cDNAs cncoding the complete sequence
of decay-accelerating factor of human complement. Proc. Natl.
Acad. Sci. USA 84:2007–2011.
Mishiro, S., M. Imai, K. Takahashi, A. Machida. T. Gotanda, Y.
Miyakawa, and M. Mayumi. 1980. A 49,000-dalton polypeptide
bearing all antigenic determinants and full immunogenicity of
22-mm hepatitis B surface antigen particles. J. Immunol. 124:1589–
1593.

. Moore, J. P. J. A. McKeating. R. A. Weiss, and Q. J. Sattentau.
1990. Dissociation of gp120 from HIV-1 virions induced by soluble
CD4. Science 250: 1139–1 142.
Moran, P., and I. W. Caras. 1991. Fusion of sequence clements
from non-anchored proteins to generate a fully functional signal
for glycophosphatidylinositol membrane anchor attachment. J.
Cell Biol. 1 15: 1595–160().
Page, K. A. S. M. Stearns, and D. R. Littman. 1992. Analysis of
mutations in the V3 domain of gp160 that affect fusion and

37



45.

47.

48.

49.

50.

infectivity. J. Virol. 66:524–533.
Pauza, C. D., and T. M. Price. 1988. Human immunodeficiency
virus infection of T cells and monocytes proceeds via receptor
mediated endocytosis. J. Cell Biol. 107:959–968.

. Perez, L. G., M. A. O'Donnell, and E. B. Stephens. 1992. The
transmembrane glycoprotein of human immunodeficiency virus
type 1 induces syncytium formation in the absence of the receptor
binding glycoprotein. J. Virol. 66:4134-4143.
Pinter, A., W. J. Honnen, S. A. Tilley, C. Bona, H. Zaghouani,
M. K. Gorny, and S. Zolla-Pazner. 1989. Oligomeric structure of
gp41, the transmembrane protein of human immunodeficiency
virus type 1. J. Virol. 63:2674–2679.
Robey, W. G., L. O. Arthur, T. J. Matthews, A. Langlois, T. D.
Copeland, N. W. Lerche, S. Orozlan, D. P. Bolognesi, R. V. Gilden,
and P. J. Fischinger. 1986. Prospect for prevention of human
immunodeficiency virus infection: purified 120-kDa envelope gly
coprotein induces neutralizing antibody. Proc. Natl. Acad. Sci.
USA 83:7023–7027.
Ruprecht, R. M. L. D. Bernard, R. Bronson, M. A. Gama Sosa,
and S. Mullaney. 1991. Castanospermine vs. its 6-O-butanoyl
analog: a comparison of toxicity and antiviral activity in vitro and
in vivo. J. Acquired Immun. Defic. Syndr. 4:48–55.
Sattentau, Q. J., and J. P. Moore. 1991. Conformational changes
induced in the human immunodeficiency virus envelope glycopro
tein by soluble CD4 binding. J. Exp. Med. 174:407–415.

. Schawaller, M., G. E. Smith, J. J. Skehel, and D. C. Wiley. 1989.
Studies with crosslinking reagents on the oligomeric structure of
the env glycoprotein of HIV. Virology 172:367–369.

. Sinangil, F., A. Loyter, and D. J. Volsky. 1988. Quantitative
measurement of fusion between human immunodeficiency virus
and cultured cells using membrane fluorescence dequenching.
FEBS Lett. 239:88–92.

. Singh, I., R. W. Doms, K. R. Wagner, and A. Helenius. 1990.

54.

58.

59.

62.

Intracellular transport of soluble and membrane-bound glycopro
teins: folding, assembly, and secretion of anchor-free influenza
hemagglutinin. EMBO J. 9:631–639.
Stegmann, T., R. W. Doms, and A. Helenius. 1989. Protein
mediated membrane fusion. Annu. Rev. Biophys. Biophys. Chem.
18:187–2||.

. Stein, B. S., S. F. Gowda, J. D. Lifson, R. C. Penhallow, K. G.
Bensch, and E. G. Engleman. 1987, pH-independent HIV entry
into CD4-positive T cells via virus envelope fusion to the plasma
membrane. Cell 49:659–668.

. Thanh, L. T., N. T. Man, B. Mat, P. N. Tran, N. T. Ha, and G. E.
Morris. 1991. Structural relationships between hepatitis B surface
antigen in human plasma and dimers from recombinant vaccine: a
monoclonal antibody study. Virus Res. 21:141–154.

. Thomas, D.J., J. S. Wall, J. F. Hainfeld, M. Kaczorek, F. P. Booy,
B. L. Trus, F. A. Eiserling, and A. C. Steven. 1991, gp160, the
envelope glycoprotein of human immunodeficiency virus type 1, is
a dimer of 125-kilodalton subunits stabilized through interactions
between their gp41 domains. J. Virol. 65:3797–3S03.
Weiss, C. D., J. A. Levy, and J. M. White. 1990. Oligomeric
organization of gp120 on infectious human immunodeficiency
virus type 1 particles. J. Virol. 64:5674–5677.
Wettstein, D., J. Boniface, P. Reay, H. Schild, and M. Davis. I'991.
Expression of a class II major histocompatibility complex (MHC)
heterodimer in a lipid-linked form with enhanced peptide/soluble
MHC complex formation at low pH. J. Exp. Med. 174:219–228.

... White, J. M. 1992. Membrane fusion. Science 258:917–924.

. White, J. M., and I. A. Wilson. 1987. Anti-peptide antibodies
detect steps in a protein conformational change: low-pH activation
of the influenza virus hemagglutinin. J. Cell Biol. 105:2887–2896.
Wiley, D.C., and J. J. Skehel. 1987. The structure and function of
the hemagglutinin membrane glycoprotein of influenza virus.
Annu. Rev. Biochem. 56:365–394.

38



Chapter 4: Studies of Human Immunodeficiency Virus
Type-1 Envelope Glycoprotein-mediated Fusion using

Fluorescent Dyes

The envelope glycoprotein (Env) of the human immunodeficiency virus

type-1 (HIV-1) restricts entry of the virus into cells by regulating binding and

fusion of virions or infected cells to target cell membranes (reviewed in 9 and

22). Env is a bipartite protein that is synthesized as a 160 kDa polyprotein

precursor (gp160) and cleaved by a cellular enzyme to generate a non

covalently -associated surface (SU) and transmembrane (TM) subunits (16).

SU contains domains critical for binding target cells and TM contains a

hydrophobic domain (fusion peptide) critical for fusing cells (10). gp160 binds

CD4, the major target cell receptor (6, 15, 20), but is unable to mediate fusion

unless cleaved to SU and TM (19). This cleavage positions the fusion peptide

at the extreme N-terminus of TM and presumably frees the fusion peptide to

act as a fusogen. After Env binds target cells, it undergoes conformational

changes that are believed to be important for its fusion activity (21, 25, 26).

The details of Env fusion mechanism are not known.

In order to facilitate studies of Env mediated membrane fusion, a

simple fluorescent dye assay was established that allows rapid detection of

Envinmediated cell-cell fusion. The assay involves fluorescently labeling small

suspension lymphocytes with either calcein-am, a cytoplasm marker, or Dil,

an outer plasma membrane marker (Molecular Probes, Eugene, Oregon), and

allowing the labeled cells to fuse with unlabeled larger, adherent cells.

Fusion is then quickly scored by scanning microscopic fields for fluorescing

adherent cells. The assay works well with several cell types, as long as the

fusing cells are morphologically distinct.
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In the first set of experiments, the CD4+ lymphocyte cell line, SupT1

(American Type Tissue Culture Collection, ATCC) was labeled with calcein

am and allowed to fuse with Chinese Hamster Ovary (CHO) cells stably

expressing wild-type Env (27). CHO cells expressing the hemagglutinin (HA)

of influenza virus, which bind cells via sialic acid residues on surface

glycoproteins and only fuse at low pH, were used as a control and showed

negligible background fluorescence (data not shown).

The time course of fusion of wild-type Env expressing cells (CHO-WT)

with labeled SupT1 cells was charted at ten minute intervals. Results from

three independent experiments showed that fusion between two cells was

first detected at approximately 30 minutes, and that cell-cell fusion proceeded

rapidly thereafter (Figure 1). Often small syncytia were visible by two hours.

Previously Dimitrov and co-workers (7) reported a slightly longer time course

for fusion and syncytia, using similar fluorescent dyes in a vaccinia

expression system. The slight differences in fusion time course probably

reflect minor variations in the expression systems and methods.

Importantly, these experiments demonstrate that HIV Env has a

relatively long lag before fusion occurs (at least 15-20 minutes), especially

compared to the hemagglutinin of influenza virus, which induces cell-cell

fusion within minutes. The reason for the fusion delay for HIV Env is not

clear, but could involve either a slow, multi-stage conformational change in

Env required for fusion and/or a slow aggregation or cooperation of multiple

Env's required at the fusion site. Prebinding of labeled T cells to CHO-WT

cells at 40C for 45 minutes prior, to allow binding without fusion, gave results

similar to those that allowed binding and fusion to proceed simultaneously at

370C (Figure 1). This finding suggests that the binding step is not causing

the fusion delay.
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Envs from most HIV-1 strains do not exhibit a syncytial phenotype, yet

they are competent for inducing membrane fusion, at least between virion

and target cell membranes. To test whether a non-syncytial inducing (NSI)

Env could mediate cell-cell fusion between two cells, without proceeding to

syncytia, we transiently expressed in COS-7 cells, an Env from the NSIHIV

1 strain, SF162. Co-cultivation of these cells with labeled lymphocytes that

are susceptible to infection by this strain readily revealed dye transfer

between two fusing cells (Figure 2), even though syncytia were not seen after

incubation periods up to 18 hours. Similar results were seen with the NSI

HIV-2 strain, UC1 (data not shown) Thus, cell-cell fusion can be induced by

at least some NSI Envs, and the requirements for inducing syncytia are

distinct from those needed to induce cell-cell fusion between only two cells.

Further studies are needed to determine whether all NSI Envs can induce

cell-cell fusion and whether the ability to induce cell-cell fusion is affected by

the mode of Env expression (infection or recombinant expression).

It was also of interest to determine whether a glycosylphos

phatidylinositol (GPI)-anchored Env could mediate membrane fusion.

Previously, it was shown that GPI-anchored Env (GPI-Env) gets to the cell

surface as an oligomer and binds CD4, but is unable to induce syncytia (24,

27). However, as demonstrated above, the absence of syncytia does not

necessarily indicate that the Env is incapable of inducing cell-cell fusion

between two cells. Because all known viral fusion proteins have complete

transmembrane domains, it was important to determine whether the GPI

Env could still mediate fusion between just two cells or whether the

membrane lipids mixed at all. An analogous GPI-anchored HA (GPI-HA) of

influenza virus was recently shown to mediate fusion between lipids in the

outer leaflet of two fusing plasma membranes (hemi-fusion) without
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undergoing complete fusion defined by mixing of the cytoplasms (13). Figures

3 shows that the GPI-Env cannot induce either cytoplasm or lipid mixing

with labeled SupT1 cells. The GPI-Env cells were also unable to induce

fusion with primary, phytohemagglutinin(PHA)-stimulated mixed or CD4+

purified peripheral blood mononuclear cells (PBLs, data not shown).

At present it is not clear why the GPI-anchored Env doesn’t induce

cell-cell fusion, or even lipid mixing. The GPI-anchored Env is expressed at

the cell surface and cleaved to gp120/41 as least as well as wild-type Env, and

it is oligomeric and binds CD4. Nevertheless, it is possible that subtle

changes in the structure of GPI-anchored Env have affected its ability to

mediate membrane fusion. However, the inability of both GPI-Env and GPI

HA to mediate complete membrane fusion supports the hypothesis that a full

transmembrane domain may be required for fusion activity (11). At the same

time, the lack of hemi-fusion potential of GPI-Env and the relatively long lag

period before fusion occurs with wild-type Env, also suggest that there may

be important differences in the fusion mechanism of Env compared to HA.

Numerous reports have shown that mouse cells are not permissive for

HIV infection. Most suggest that the major restriction is the fusion step,

though intracellular limitations to HIV replication are also important (17, 3,

8, 18). Mouse cells stably expressing human CD4 were next tested to see if

they could support Env-mediated fusion. In the first set of experiments

(Table 1A), CHO-Env cells were allowed to fuse with CD4+ BW cells, a mouse

T cell line expressing human CD4 (greater than 99%, data not shown; cells

provided by Atsushi Kioto and Jay Levy, University of California, San

Francisco) or with primary mouse cells expressing human CD4

(approximately 45%, data not shown) from transgenic mice (14, provided by

Nigel Killeen and Dan Littman, University of California, San Francisco).
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Previously published studies of HIV infection or Envimediated entry into

mouse CD4+ cells have used cell lines. Because most HIV-1 strains only

infect primary cells, and not T cell lines, we felt it was important to

determine whether the block to Envimediated fusion with mouse cell lines

would also be observed with primary mouse PBLs. Table 1A shows that

primary mouse cells expressing human CD4, like the CD4+ mouse T cell

lines, do not support fusion with Env expressing cells. These same CD4+

mouse primary cells (unlabeled) also did not support infection with HIV-1 or

HIV-2 (Susan Barnett, Univeristy of California, personal communication).

Recently there has been much discussion about whether human CD26

facilitates entry of HIV into cells (1, 2, 4, 5, 23). To address this issue, mouse

3T3 cells stably expressing human CD4 and CD26 we examined to see

whether they could fuse with Env expressing cells (kindly provided by

Nicholas Cacalano and Dan Littman, University of California, San

Francisco). To date, published studies of the role of CD26 in HIV infection

have used only transiently expressing CD26 cells. HeLa cells stably

expressing CD4 were used as positive controls. 3T3 cells without CD4, used

as negative controls, gave no background. Because the target cells are

adherent, we used Raji cells (B lymphocyte cell line) stably expressing HIV-1

Env (Raji-WT, HXB2 strain, provided by Nicholas Cacalano and Dan

Littman, University of California, San Francisco) as the effectors, and labeled

them with calcein-am as described above. Table 1B shows that CD4+ mouse

cells, with or without CD26, do not support fusion with Env expressing cells,

at least with the HXB2 strain.
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Figure 1
Time Course of Fusion
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Figure 1 SupT1 cells were labeled with calcein-am immediately prior to co
cultivation with adherent CHO-expressing Env cells that were 40-70% confluent.

Approximately 5-10 million SupT1 cells were washed once in phosphate buffered

saline (PBS), resuspended in 5 mls of PBS to which we added approximately 20

pig of calcein-am in 10 ml of DMSO. The cells were then vortexed gently,

incubated at 370C for 30 minutes, then washed twice with 25 mls of PBS, and

resuspended to a final volume of approximately 250,000 cells/ml. Fusion was

easiest to score when the ratio of lymphocytess to adherent cells were 1–5:1.

Supernatants from the overnight cultures of adherent cells were aspirated before

being replaced with media containing the labeled lymphocytes. One co-culture

was immediately incubated at 370C, another culture was first incubated at 40C

for 30 minutes to allow cells to bind without undergoing fusion, before being
returned to 370C. At ten minute intervals a co-culture dish was removed from

the incubator for viewing live under an epifluorescent microscope (Olympus)

under 20x magnification. Graph represents time cells cultured at 370C. At least

ten fields were counted per 35 mm dish.
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Figure 2
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Figure 2 COS-7 cells were transfected by the calcium phosphate-DNA
coprecipitation method with a REV expression vector and the transient

expression vector, pSM (29), containing Envs from the syncytial strain HXB2 or

the non-syncytial strain SF162. 72 hours after transfection the cells were co

cultivated with calcein-am-labeled SupT1 cells and an entire 35mm dish was

inspected for fusion or syncytia at 90 minutes, 4 hours, and 18 hours after co

cultivation. Photographs above were taken with an inverted epifluorescent

microscope (Olympus) at 4 hours after co-cultivation. Because calcein-am is a

vital dye, syncytia sometimes stain less brightly than intact cells. A.

epifluorescence-REV only B. phase--REV only. C. epifluorescence-REV +

HXB2. D. phase--REV + HXB2. E. epifluorescence--REV +SF162. F. phase--

REV + SF162. Arrows indicate dye transfer.
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Figure 3
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Figure 3 SupT1 cells were labeled with either calcein-am or with Dil, a
fluorescent lipid marker. For Dil labeling, approximately 10 million SupT1 cells

were washed once in PBS and then resuspended in 2 mls of isotonic (300 mM)

sucrose to which 10 pil of a 3.5 mg/ml Di■ in DMSO was added while gently

vortexing cells. The cells were then incubated with Dil at room temperature for

15 minutes in the dark, washed 3 times with 25 mls of PBS, resuspended to a

concentration of 250,000 cell/ml in media, and co-cultivated with adherent CHO

cells expressing either wild-type (CHO-WT) or GPI-anchored Env (CHO-GPI) in

8-well chamber slides. After about three hours, cell were removed from the

incubator and viewed live for dye transfer using a confocal epifluorescent

microscope under 25x magnification. At least 12 fields were inspected.

Experiments were done in triplicate and gave similar results. Left panels

epifluorescence/right panels phase. Arrows indicates examples of dye transfer.
A. CHO-WT-calcein-am. B. CHO-WT-DiL. C. CHO-GPI-calcein-am.

D. CHO-GPI- DiL.

54



Table 1. Mouse Cells do not Support Fusion with
Env-expressing Cells

Cell type

primary human PBL

human CD4+ mouse T
cell line

human CD4+ primary
mouse PBL

Cell type

human CD4+ HeLa cells

human CD4+ 3T3 cells

human CD4+ /

CD26+3T3 cells

Fusion with labeled

CHO-WT cells

Fusion with labeled

Raji-WT cells” Infection by HIV-1”



Table 1. A. The CD4+ transgenic mice cells were collected from

peripheral lymph nodes by gently homogenizing the nodes with fingertips and

tweezers, and cleared of cell debris by filtering through gauze. The freshly

harvested cells were stimulated overnight with 2 pg/ml Con A (Sigma) in

RPMI 1640 with 10% human IL-2 and 10% fetal calf serum. Primary, human

peripheral blood mononuclear cells (PBL), stimulated overnight with 2 pg/ml

of PHA were used as positive controls. The next day the CD4+ cells were

labeled with calcein-am, as described above. CHO cells expressing HA, used

as a negative control, showed no background. + indicates that fusion was

seen in at least 70% of fields. – indicates that fusion was not seen in any

field.

B. "Primary lymphocytes were labeled with calcein-am, as described above,
and co-cultivated with CHO-wild type (WT) cells. + indicates that fusion was

seen in at least 70% of fields. – indicates that fusion was not seen in any

field.

* Adherent cells (HeLA or 3T3) were pretreated with 25 pg/ml DEAE

dextran (Sigma) for 30 minutes prior to exposure to concentrated, high

titered HIV-1 strains SF162 and SF33 for 90 minutes. The innoculum was

then diluted 4-fold with fresh medium, and cells were incubated with the

diluted virus stock overnight. After two days, the cells were washed three

times with PBS, trypsinized once (0.25% trypsin) and split 1:2. On the third

day post-infection, cells were washed again and fresh PHA-stimulated human

PBLs were added to cultures to amplify possible virus production. 24 hours

later, the PBLs were removed from adherent cells and were maintained for

the next three weeks, with fresh PBLs added weekly. Cultures were checked

for virus production by p24 antigen ELISA assay (Coulter and reverse

transcriptase assay (12) every 2-3 days beginning on day 3 post infection.

56



PBL cultures were maintained for 21 days and the 3T3 cell cultures were

terminated after removal of PBLs. -- indicates that at least one HIV-1 strain

replicated well after PBL amplification. — indicates that replication of

neither HIV-1 strain was detected.
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Chapter 5: Insights into Fusion Mechanism of the HIV-1

Envelope Glycoprotein using Leucine Zipper
Peptide Inhibitors

Several regions in the transmembrane glycoprotein (gp41) play

critical roles in mediating membrane fusion. The N-terminal domain,

containing the first 25 residues, is the fusion peptide (20, 11). Non

conservative changes in the fusion peptide block fusion activity (1, 9, 13).

Studies of fusion peptides in other viruses indicate that this region

probably induces lipid exchange between the fusing membranes, perhaps

by inserting directly into the target membrane (14, 27). Downstream of

the fusion peptide is a highly conserved leucine zipper-like (heptad repeat)

motif that also appears to play an important role in the fusion process.

Mutations that disrupt predicted structure in this region impair fusion (7,

4, 5, 31). The transmembrane domain is required for fusion, not only for

anchoring the envelope glycoprotein so that it can interact with two

membranes simultaneously, but also for some other fusion-related

function (12, 25, 28). Finally, mutations in the cytoplasmic domain also

can influence fusion phenotype (8, 15, 18, 10, 3, 17, 19, 32).

Synthetic peptides modeling various regions of gp41 have been used

to study gp120/41 structure and function (24, 30, 31, 16, 22). One of these,

a 38-mer that corresponds to the leucine zipper-like motif (amino acids

553–590 of HIV-1LAI strain) has been identified as a potent inhibitor of

HIV (Fig. 1). This peptide (DP-107) inhibits HIV-1-induced syncytia and

infection by cell-free virus at concentrations as low as 1 plg/ml (31).

Circular dichroism studies show that under physiologic conditions, the

peptide forms a coiled-coil. The inhibitory activity of DP-107 appears to be
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directly related to its ability to assume a coiled-coil solution structure;

point mutations in the peptide that disrupt its solution structure also

abolish its inhibitory activity (31).

The specificity and potency of HIV inhibition by DP-107 suggested

that the peptide would be an attractive tool to study the gp120/41 fusion

mechanism. The first set of experiments set out to establish that the

inibitory activity of the peptide lies in its ability to block specifically

gp120/41-mediated fusion. Previous peptide inhibition studies involved

replicating virus and scored inhibition of infectivity or syncytia formation,

after progeny virus was made. Use of the virus-free, fluorescent cell-cell

fusion assay, described in the previous chapter, allowed direct testing of

the peptide effects on gp120/41-mediated cell-cell fusion. Figure 2, which

includes data from three independent experiments, shows the dose

response curve and gives a 90% inhbitory concentration (IC90) of 3.0 pg/ml

(660 nM). There was no apparent effect of DP-107 on the binding of CD4+

cells with gp120/41-expressing CHO cells (not shown). Specificity, which

was documented previously by Wild et al. (31), was also confirmed in an

assay involving fusion of fluorescently-labeled red blood cells with HA

expressing CHO cells (data not shown.)

In the next set of experiments, fusion was scored 2-3 hours after co

cultivating the gp120/41-expressing cells with labeled CD4+ cells (Sup'T1)

in the continuous presence of 10 pg/ml of peptide. The positive peptide was

DP-125, a DP-107 analogue consisting of a homodimer of DP-107, formed

from the oxidation a cysteine tail added to DP-107. This peptide forms a

stable alpha-helix in solution and is at least twice as potent as DP-107

(data not shown, 31). The negative control peptide was DP-121, a peptide

identical to DP-107 except that the isoleucine at position 573 is replaced by
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proline. DP-121 does not have a stable solution structure (31), and the

fusion events scored with DP-121 were the same as those scored without

any peptide (data not shown).

To gain insight into the mechanism underlying the antiviral

activity of DP-107, a series of experiments was undertaken aimed at

characterizing the temporal aspects of inhibition. Because the fluorescent

fusion assay allows close monitoring of peptide inhibition at early time

points in cell-cell fusion, it was possible to test how fusion was affected by

adding peptide to or washing peptide away from cells at various time

points. As reported in the previous chapter, fusion in this system begins

20-30 minutes after co-cultivation at 379C. In these experiments, peptides

(DP-125 or DP-121) were used at 10 pg/ml.

To determine when the peptide must be present to inhibit fusion

completely, peptide was added to cells at different times. Before adding

peptide, cells were prebound to each other at 40C for 30 minutes, and

unbound cells were then aspirated away before returning to 379C.

Because fusion cannot occur at 40C, this prebinding step helped to

synchronize fusion in the culture and removed possible components of

inhibition involving the binding step. When peptide (DP-125) was added to

the culture immediately after binding and returning to 370C, inhibition by

peptide was complete. When peptide was added at 30 or 60 minutes post

binding, some fusion had already occured, but all subsequent fusion

appeared to be blocked. Numerically, the data revealed that when fusion

events between positive and negative peptides were counted, there was

87% inhibition when peptide was added at 30 minutes and 52% inhibition

at 60 minutes. Data from this set of experiments are presented

graphically in Figure 3 and numerically in Table 1.
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The next set of experiments tested whether temperature affected

peptide inhibition (Figure 4 and Table 1). In these experiments, cells and

peptide (at 10 pg/ml) were incubated together at either 40C or 370C for 30

minutes, then washed extensively with media, and returned to 379C,

before scoring fusion two to three hours later. The studies showed no

inhibition when cells were incubated with peptide at 49C and partial

inhibition when incubated at 370C.

In an attempt to determine which cell type the peptide was

interacting with, fusion experiments were done in which either cell type

was first pretreated with peptide. In these experiments, peptide was

incubated with either cell type for 30 minutes at 379C, then washed three

times with medium and immediately co-cultivated with the other cell type

at 370C. The results, shown in Figure 5 and Table 1, reveal partial and

equal inhibiton (approximately 57%) by preincubation of peptide with

either cell type.

While the peptide is capable of giving 100% inhibition at 10 pg/ml

when continuously present in the culture, only partial inhibition was seen

in experiments where peptide was washed away. This finding suggested

that inhibition by peptide may be reversible. This possibility was tested

in the final set of temporal experiments, where peptide was washed away

from the cells at either 30 or 80 minutes after incubation at 379C. These

experiments, shown in Figure 6 and Table 1, reveal that after either 30 or

80 minutes incubation with peptide, when fusion inhibition is virtually

100%, fusion commenced once peptide was washed away. Thus full

inhibition is only maintained when the peptide is continuously present,

suggesting that the inhibition is reversible and/or that it occurs at a late

step or rate-limiting step of the fusion process. In the latter case, the
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interaction may or may not be reversible, but the peptide appears to be

needed continuously because what it interacts with (such as, a particular

gp120/41 conformation) is only present just before complete fusion occurs.

That the peptide maintains partial inhibition after being washed

away may suggest an irreversible component to the inhibition. In

considering possible mechanisms of inhibition, it is worthwhile reviewing

studies involving soluble CD4, which demonstrate that there are both

reversible and irreversible components to its inhibition (23, 6, 21). The

irreversible component may be due to an irreversible conformational

change triggered by CD4 binding to gp120, and may reflect premature

activation of the fusion conformation and subsequent inactivation and/or

the shedding of gp120 and consequent inability to bind CD4. Similarly,

DP-107 could have an irreversible component in its inhibition, conceivably

reflecting premature activation of the fusion conformation. Yet the

inhibition may be entirely reversible, and the partial inhibition might only

be a reflection of the kinetics of DP-107 off rate. The time limitations in

the fusion assay preclude testing fusion after very long time periods, to

better assess the kinetic parameters.

The interpretation of the partial inhibition seen in several

experiments was further complicated by the fact that DP-107 is

amphipathic and apparently has a strong tendency to associate with

membranes. This point became obvious in microscopy studies using

fluorescently-labeled DP-107 (provided by Carl Wild, Duke University,

Durham, NC). In these studies, live cells were incubated with 5 pig■ ml of

labeled peptide at 370C for 30 minutes before being washed extensively

with media and viewed under the microscope. Very high membrane

fluorescence of both positive and negative control cells (gp120/41 or HA
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expressing CHO cells) was seen with fluorescently labeled DP-125, but not

with the non-structured, labeled control peptide (DP-121)(data not

shown). Flow cytometry experiments using the same cells and

fluorescently-labeled peptides also showed very high background;

however, there was increased binding in CHO cells expressing gp120/41

compared to the control cells (97.6% vs 76.7%, see Table 2 and Figure 7).

Attempts to reduce backbround by blocking cells with 10 pg/ml of an

unlabeled amphipathic peptide (GCN4, gift of Carl Wild) were

unsuccessful. It should be noted that DP-107 and its analogues are highly

soluble in aqueous buffers at concentrations at least up to 1 mg/ml.

The propensity of DP-107 to associate with membranes raises

questions about whether peptide was sufficiently removed from cells in the

experiments that used washes. It is likely that despite extensive washing,

a substantial amount of the peptide was retained at the cell surface,

presumably by hydrophobic interactions with membrane components.

This residual membrane-associated peptide might have been responsible

for the partial inhibition seen. However, it is not clear whether the

inhibition is directly related to the ability of the peptide to associate with

membranes or whether its membrane association provided a reservoir of

peptide that was always available, perhaps at a high concentration, to act

on another component of the fusion process.

Despite the difficulties in interpreting experiments using washes,

the dramatic temperature effect on inhibition by the peptide is intriguing.

Temperature-sensitive processes that are involved in membrane fusion

include conformational changes in proteins (and lipids) and membrane

fluidity. The finding of no inhibition at 40C relative to 370C suggests that

movement in proteins and/or lipids (either local conformation or lateral
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movement in the plane of the membrane) is important to peptide binding

and/or inhibition of fusion.

In summary, the studies show that DP-107 is a potent, specific

inhibitor of gp120/41-mediated cell-cell fusion. The peptide appears to act

at a late step or a rate-limiting step of fusion process, and the inhibition

may be temperature-sensitive. The peptide also preferentially binds

gp120/41-expressing cells, suggesting that it specifically interacts with

gp120/41. Although the mechanism by which the peptide inhibits fusion is

not obvious, the data support the notion that the fusion mechanism

involves coiled coil interactions in the leucine zipper-like region, and that

the peptide most likely interferes with this process. Studies involving

structure-disrupting mutations in the leucine zipper-like region of HIV-1

and other viruses reveal that this region is not essential for

oligomerizaiton or transport of the glycoprotein to the cell surface, even

though it is critical for fusion activity (2, 26, 29). Conceivably then, in a

manner similar to acid activation of the leucine zipper-like region of HA,

this region of gp41 undergoes a transition from random coil to coiled coil as

gp120/41 acquires fusion competence. Extension of a coiled-coil structure

within gp41 oligomers might be a critical component of the fusion-related

conformational change. Alternatively, the region might be important for

higher-order oligomerization of gp120/41, as envelope glycoprotein

oligomers aggregate laterally at the site of fusion. In this case, the leucine

zipper-like region might promote inter-oligomer assembly or serve as a

stabilizing component of the fusion pore itself.
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Diagram of gp41

NH2E.T.Tº | COOH

fusion zipper TM
peptide T ~

| S <
| T ~

W A
DP-107 NNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ

Figure 1 Schematic drawing of gp41 with fusion peptide, DP-107
(zipper), and transmembrane (TM) regions highlighted. DP-107 amino
acid residues are listed.
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Dose-response curve for peptide inhibition
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O 1

Figure 2. IC90 for positive peptide is approximately 3.0 pg/ml (660 nM).

For comparision, previous work has shown an IC90 of approximately 2.5

pig■ ml for inhibition of infection by cell-free virus and an IC90 of

approximately 15 pig■ ml for sGD4-IgG in this cell-cell fusion system.

Inhibition = (1-# fusions positive /negative peptide) x 100%.
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Adding peptide at different times

0.8 H

0.6 F (43/89);
(13/100)0.2

0.0

always 0+ min 30+ min 60+ min never

time peptide present

Figure 3. Fusion events were scored by counting transfer of

fluorescent dye from labeled T cells to gp120/41-expressing cells. At least

ten fields under 25x magnificaiton were scored. Cells were prebound to

each other by incubating at 40C for 30 minutes. Unbound cells were then

removed by aspirating supernatants and cells were returned to 370C.

Peptides were then added at various time. always = peptides continously

present. 0+ = peptides added immediately after prebinding step, when cell

returned to 370C. 30+ min = peptides added 30 minutes after cells

returned to 370C. 60+ min = peptides added 60 minute after cells

returned to 370C. never = peptides never added. Significant inhibition

occurs after a 30 minute delay, but falls off at later time points.
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Adding peptide at different temperatures
(46/44)

- ºzzzzzzzzzzzzzz'■1.0 2
- º º
-

0.6 F

(45/123)
0.4;
0.2

0.0
control 40C 3700

temperature when peptide present

Figure 4. Cells and peptides were incubated at either 40C or 370C for

30 minutes, prior to washing 3 times, and returning them to 370C. A

moderate degree of inhibition is seen only with 379C incubation. control=

# fusions neg/neg peptide (normalizes graph to 1).
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Pretreating with peptide

º 1.0 H
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Ø wo %-4 ZTZ
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em

UD
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st 0.2 F

0.0 i % %2–2
control pretx SuptT pretx CHO-Env

cell type

Figure 5. Either cell type was preincubated (pretx) with peptides at

379C for 30 minutes, then washed 3 times and co-cultivated with the other

cell type. A moderate degree of inhibition is seem when either cell type is

pretreated with peptide. control= # fusions neg/neg peptide.
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Washing peptide away

1.0 F

º
º
# 0.8 H

2 a.
# #
g; 0.6 F.> 9
(■ ) ºl
5 * (45/123) (55/166)

5 0.4 F
‘7.
JB
* 0.2

0.0
control 30 min 80 min

timing of wash (minutes)

Figure 6. Peptides were incubated with cells for either 30 or 80
minutes. Cells were then washed 3 times and returned to 379C. Full

inhibition was not maintained after washout. control= # fusions neg/neg

peptide.
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Table 1. Summary of Experiments

Conditions for mixing peptide with cells

peptide continuously present with cells

% Inhibition

100%+/-0, n=10

prebind cells, then add peptide immediately 100% +/-0, n=3

prebind cells, then add peptide after 30 min 92% +/-13.2, n=3

prebind cells, then add peptide after 60 min 52.8 +/-10.9, n=2

pretreat SupT1 cells with peptide 56% +/-1.4, n=2

pretreat CHO-Env cells with peptide 58% +/-25.5, n=2

mix cells and peptide at 4°C x 30 min, then wash 0% +/-25.4, n=2

mix cells and peptide at 37°C x 30 min, then wash 62.6% +/-7.1, n=3

mix cells and peptide at 37°C x 80 min, then wash 65.2% +/-6.2, n=2

% Inhibition of fusion= (1-# fusions pos/neg peptide) x 100%.
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Table 2. FACS Analysis of Peptide Binding

% cells
cell type peptide fluorescing
CHO-HA In OIle 0.4

CHO-gp120/41 In One 0.3

CHO-HA GCN4 0.4

CHO-gp120/41
- GCN4 0.3

CHO-HA GCN 4-HDP-125* 76.7

L-CHQ-BP120/41 | GCN4+DP-125* 97.6

CHO-HA DP-125% 80.8

CHO-gp120/41 DP-125% 96.6

Approximately 106 cells were washed once in flow buffer (2% serum in
PBS) before being incubated with 5 pig■ ml of peptides at 370C for 30

minutes. Cells were then washed extensively with flow buffer and

analyzed immediately on a FACScan flow cytometer (Becton-Dickenson).

CHO-HA = CHO cells expressing influenza hemagglutinin (negative

control)

CHO-gp120/41 = CHO cells expressing gp120/41 and gp160 (positive

control)

* indicates peptide labeled with fluorescene
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Figure 7. Cells were stained with fluorescently-labeled DP-107.

- - - - - - - - - -
CHO cells expressing hemagglutinin (CHO-HA), (negative control)

----------
CHO cells expressing gp120/41 (CHO-WT), (positive control)
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