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Abstract

The retrovirus human immunodeficiency virus type-1 (HIV-1) is the causative
agent of acquired immune deficiency syndrome. Infection of a target cell by HIV-1
requires the sequential interaction with two cell surface proteins, CD4 and a coreceptor.
The most biologically relevant coreceptor in HIV-1 infection is CCRS. We have
undertaken preliminary studies of the active site within CCRS5 for coreceptor function.
We find that CCRS coreceptor activity depends on multiple extracellular regions of
CCRS. We have identified an amino acid critical to coreceptor activity and HIV-1
binding within the extracellular amino-terminal domain of CCRS5. In addition, we
identified an amino acid substitution in the second extracellular loop near the
transmembrane domain which inhibits HIV-1 binding and coreceptor activity. We also
initiated studies df clonal cell lines expressing varying amounts of CCRSs containing the
amino-terminal or second extracellular loop substitutions. These studies indicate that the
amino-terminal substitution requires higher expression for maximum infectivity than
wild-type CCRS, and also exhibits reduced infectivity when the mutant is present at
saturating concentrations. In contrast, the mutation in the second extracellular loop
requires higher expression levels for maximum infectivity, but infectivity plateaus at
approximately the same level as wild-type. The CCRS5 concentration versus infectivity
curves appear to have sigmoid shapes. We interpret the sigmoid shapes as an indication
that multiple CCR5 molecules reversibly associate with an HIV-1 virion to form a
complex that is required to promote fusion of the viral and cellular membranes. We
believe that the amino-terminal substitution inhibits both the assembly and activity of this
complex, whereas the substitution in the second extracellular loop inhibits only the

assembly of this complex.
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Chapter 1. Introduction

Pathogenesis of HIV-1

Acquired immune deficiency syndrome (AIDS) was first identified as a disease in
1981 (64). HIV-1 was recognized as a unique human retrovirus in 1983 and shown to
occur in AIDS patients and in those at high risk for AIDS (64). Soon thereafter HIV-1
was generally accepted as the causative agent of AIDS (186). According to the World
Health Organization, AIDS was the fourth leading cause of death in the world during
1998 (10). As of December 1998, an estimated 33 million people were infected with
HIV-1 world-wide, and the number of infections is estimated to be increasing at a rate of
approximately 6 million infections per year (10, 11). During 1998 an estimated 2.5
million people died from AIDS (11). In Africa, AIDS was the single leading cause of
death during 1998, killing 1.8 million people (10). Intense research has led to an
increased understanding of the mechanisms by which HIV-1 causes ‘AIDS, which are
only briefly reviewed here.

HIV-1 infects cells of the monocyte/macrophage lineage, including terminally
differentiated macrophages, as well as CD4+ T-lymphocytes (T-cells) (64). Primary
infection with HIV-1 often leads to a mononucleosis-like illness within three to six weeks
of infection that coincides with a burst of viral replication and a sharp decline in blood
CD4+ T-cells (64). This primary infection is followed by a decrease in viremia and a
partial recovery in CD4+ T-cell numbers (64). The recovery of CD4+ T-cells is thought
to be due to immune responses against the virus and sequestration of HIV-1 replication to
the lymphoid organs (64). There is a long period of clinical latency before the onset of
AIDS, which occurs an average of 8 to 10 years after infection (64). During clinical
latency, there is continuous viral replication, killing of CD4+ T-cells, and a gradual
decline in the number of CD4+ T-cells in the blood (64). Amino abid substitutions in the
Env glycoprotéins of HIV-1 accumulate at a rate of approximately 2.5% per year and

occur mainly within the hypervariable regions (see below) (64). This implies the



| selection of advantageous mutations within these regions, most likely as a means of
escaping the immune system (64). Indeed, most HIV-1+ individuals continuously have
antibody and T-cell responses against viral proteins throughout the course of infection
(64). When CD4+ T-cell counts drop below approximately 200 cells/ul infected
individuals become susceptible to the opportunistic infections which define AIDS (64).
Progressive HIV-1 infection results in extensive killing of CD4+ T-cells (64). In
addition, uninfected CD4+ T-cells and other immune cells (such as CD8+ T-cells, B-
cells, monocytes, and macrophages) exhibit decreased function (64). The exact
mechanisms of immune dysfunction in the absence of cell killin g are not entirely
understood (64). The dysfunction may result from interactions of susceptible cells with
circulating viral gene products or from impaired interactions of other cell types with
CD4+ T-cells and the lymphoid organs, which are being destroyed (64). The mechanism
of CD4+ T-cell killing is also poorly understood (64). HIV-1 is extremely cytopathic for
CDA4+ T-cells in vitro, but less so for macrophages (64). Killing may be a result of direct
toxicity to infected cells by se(iuestration of the cellular machinery during viral
replication (64). Formation of multinucleated cells (syncytia) by fusion of infected cells
with uninfected CD4+ cells may lead to killing of both infected and uninfected cells (64).
Other mechanisms which have been suggested to contribute to pathogenicity include
immune attack of infected cells, defects in T-cell regeneration due to infection of thymic
precursors, and apoptosis induced by circulating viral gene products (64). Interestingly,
expression of the nef gene product in T—celis, monocytes, and macrophages of transgenic
mice is sufficient to induce an AIDS-like illness in the absence of other viral gene
products, suggesting that nef m.ay be a major determinant of viral pathogenicity (76).
HIV-1 pathogenicity also includes destruction of the lymphoid organs (64). The
mechanisms of this destruction are not clear, but the lymph nodes are major centers of

HIV-1 replication, especially during the clinical latency stage of disease (64).



Although a vaccine is the ideal solution to the AIDS epidemic, little success has
been made in the search for an effective candidate (58). Recently, pharmacological
control of HIV-1 infection has been more promising (58). Several inhibitors of the viral
protease and reverse-transcriptase proteins, when used in combination, have proven
effective in decreasing circulating virus to undetectable levels (58). In the absence of
active viral replication, CD4+ T-cell counts and immune function partially recover and
disease progression is delayed (58). However, viral resistance to these drugs, as well as
the persistence of integrated HIV-1 proviruses in resting T-cells which are not actively
producing virus, are problems limiting the utility of these drugs (58, 66). HIV-1 entry is
an attractive target for new drugs to control viral replication (58). Therefore, an
increased understanding of the entry process may lead to improved treatments for HIV-1

infection.



Molecular virology of HIV-1

Taxonomy of HIV-1. HIV-1 is a member of the virus family retroviridae and

subfamily lentivirinae (41). In addition to HIV-1, this subfamily consists of the simian
immunodeficiency viruses (SIVs), feline immunodeficiency virus, and several other
pathogenic animal viruses (41). HIV-1 is thought to have arisen in human populations by

several zoonotic transmissions of SIV_, from chimpanzees (Pan troglodytes), in

cpz
particular a subspecies (P. t. troglodytes) found primarily in Gabon (70, 187). Distinct
transmission events are believed to have resulted in three groups of HIV-1 subspecies (M,
N, and O) and occurred at least as early as 1959 (70, 169, 187, 203). The M group is
responsible for the global AIDS pandemic and can be further divided into eight
subgroups or clades (termed A-H) (64) which likely arose after the virus entered the
human population (187). SIV,,, and HIV-1 are related to other primate lentiviruses

which can be grouped into five distinct evolutionary lineages: HIV-1/SIV_,, HIV-

opa>
2/S1IV g, (from sooty mangabey monkeys), SIV .., (from African green monkeys), SIV
(from mandrills), and SIV,, (frorh sykes monkeys) (64). SIV,,, is of particular interest
because African green monkeys (AGMs) (Chlorocebus sp.) are divided into four distinct
but closely related subspecies all of which are infected to high prevalence with viruses
from distinct subspecies-specific SIV,,, groups, none of which cause disease in their
natural hosts (4, 20, 128, 132). This suggests that SIV,,, has coevolved with its hosts
since before the subspeciation of AGMs and that both virus and host may have evolved

such that the virus is nonpathogenic.

Virion structure. Retroviruses have a genome consisting of two identical RNA

strands (41). These strands are identical to the full length transcription product‘from the
viral long terminal repeat (LTR) promoter, but do not direct protein synthesis when the
virus enters a cell (41). Rather, the RNA is reverse transcribed ihto a double stranded

| DNA (dsDNA) provirus which is inserted into the nuclear DNA of the cell (41). The

organization of the HIV-1 genome, like the genomes of all lentiviruses, is more complex

4



than that of other retrovirus subfamilies (41). Whereas other retroviruses contain as few
as three and as many as six genes, lentiviruses have at least nine genes (41). HIV-1 has
three genes which code for the proteins common to all retroviruses: gag, pro-pol, and
env (41). The function of the products of these genes is discussed below. In addition,
HIV-1 codes for six other genes known to produce protein products: vif, vpr, tat, rev,
vpu, and nef (41). In the inserted proviral DNA, the coding region is flanked by LTR
sequences (41). There are several important RNA elements in thé HIV-1 genome: the
packaging sequence ('V), fhe primer binding site (PBS), the Tat-responsive region (TAR),
and the Rev-response element (RRE) (147).

HIV-1 particles consist of cores composed mainly of the viral gag and pro-pol
gene products and the viral RNAs, surrounded by a lipid bilayer acquired from the host
cell plasma membrane during budding (180). Inserted in the lipid bilayer are “knobs”
consisting of the glycoprotein products 6f the env gene (180). Electron microscopy of
HIV-1 virions reveals that the core of immature virions consists of an electron dense shell
just inside the membrane, whereas the core of mature virions has collapsed into a dense
cone or tube shaped structure (174). Virion maturation is a result of cleavage of the Gag
and Gag-Pro-Pol precursor proteins by the viral protease (PR) (180). The mature core
consists mainly of the gag gene products MA, CA, and NC (for matrix, capsid, and
nucleocapsid, respectively) (180). Associated with the core are the genomic RNAs, and
the enzymatic proteins RT and IN (for reverse-transcriptase and integrase, respectively)
(180).

Early events in the HIV-1 life-cycle. Retroviruses are surrounded by a lipid

bilayer acquired from the host cell as the virion buds through the plasma membrane (41).
The initial steps of infection for any retrovirus are the attachment to the target cell and
fusion of the virus membrane with a membrane of the cell (41). The membrane fusion of
HIV-1 is thought to occur at the plasma membrane (41). This step is dependent on the

protein products of the viral env gene'termed the surface (SU) and transmembrane (TM)



subunits, which mediate receptor binding and fusion, respectively (85). This process
releases the viral core into the cytoplasm, where reverse transcription takes place (41).
At this stage there is a poorly defined step at which the structure necessary for reverse
transcription is formed (41). RT, IN, and NC are thought to form this structure, although
other gag protein products may also be involved (41).

Reverse transcription is a process in which the RNA genome is copied into a
dsDNA provirus (41). During this process the flanking LTRs are formed from sequences
at the 5’ and 3’ ends of the RNA genome (41). The RT protein is an RNA and DNA
directed DNA polymerase and is responsible for all of the DNA synthesis required for
formation of the provirus (41). The PBS is complimentary to the 3’ end of a lysine(3)
tRNA which is packaged with the viral genome (175). This tRNA serves as a primer for
initiating DNA synthesis (175).

The next stage of the viral life cycle requires the integration of the viral DNA into
the genome of the host cell where the host transcription machinery can synthesize viral
mRNAs and genomic RNA (41). Integration is required for replication and the newly
synthesized DNA must move to the nucleus for this process to occur (29). Unlike many
other retroviruses, lentiviruses have the capacity to replicate in non-dividing cells, such as
terminally differentiated macrophages (29). Therefore, HIV-1 need not always rely on
the breakdown of the nuclear meiﬁbrane during cell division to gain access to the host
chromosomes (29). In non-dividing cells, HIV-1 requires the translocation of a
preintegration complex (PIC) from the cytoplasm to the nucleus via nuclear pores (29).

~ The PIC contains viral proteins, the proviral dsDNA, and possibly some cellular proteins
(29). Functional nuclear localization signals can be found in some HIV-1 proteins
thought to be part of the PIC, including MA and Vpr (29), and seem to be sufficient for
nuclear translocation in non-dividing cells (29). There is no known sequence specificity
in the host DNA for HIV-1 integration, although nucleosomal DNA is preferred and

studies suggest that mechanisms exist to direct integration to sites favorable for



transcription (29). The integration reaction is catalyzed by IN and requires the interaction
of IN with specific features at the ends of the viral DNA (29).

HIV-1 gene expression. The newly integrated HIV-1 provirus must be
transcribed by the host machinery to produce mRNAs for protein synthesis and genomic
RNAs for packaging (41). Transcription is mediated by RNA polymerase II, and
~ induction relies on cis acting sequences in the 5 LTR (147). HIV-1 transcription is
induced by members of the NF-kB/Rel family of transcription activators upon activation
of T-cells and monocytes by cytokines and TCR signaling (147). Other transcription
factors such as Sp1 can act with NF-xB family members to enhance transcription (147).
Lentiviruses encode a frans-activator protein known as Tat (147). Tat is required for
high level expression of viral gene products (147). Tat binds to an RNA structure in the
nascent RNA called the TAR and recruits a cyclin-T 1/CDK9 elongation complex (185).
This complex is thought to hyperphosphorylate the RNA polymerase II carboxyl-terminal
domain leading to increased processivity (185).

RNA transcripts are processed by the cellular mRNA processing machinery (147).
They are cleaved at the 3’ end and are polyadenylated (147). The transcripts are also
capped at the 5’ end (147). The resulting RNA serves as the genomic RNA and the
mRNA for Gag and Gag-Pro-Pol synthesis (147). RNA splicing also occurs through the
cellular machinery, and multiply spliced RNAs for Tat, Rev, and Nef expression are
" found in the cytoplasm at early times after infection (147). The singly spliced RNAs for
Env and Vpu, Vif, and Vpr expression, as well as the unspliced RNA accumulate in the
cytoplasm after sufficient accumulation of Rev (147). These RNAs contain a cis-acting
element (the RRE) in the env gene that interacts with Rev, and the resulting complex
recruits components of the nuclear export machinery and promotes the export of the late
RNAs (147). |

Late events in the HIV-1 life-cycle. Translation also takes advantage of the host

cell machinery (174). Of the major structural proteins, Gag and Gag-Pro-Pol are



synthesized by free ribosomes in the cytoplasm (174). The synthesis of the Gag-Pro-Pol
fusion protein occurs by an inefficient frameshift and readthrough event near the end of
the gag gene (174). The inefficiency of this event allows for the production of Gag and
Gag-Pro-Pol in the correct proportions (174). The Gag and Gag-Pro-Pol proteins are
directed to the inner leaflet of the plasma membrane by an amino-terminal membrane
association domain that includes a myristate post-translational modification (174). The
protein product of the singly spliced env mRNA is cotranslationally secrefed from
membrane bound ribosomes into the rough endoplasmic reticulum (RER) (174). Env
remains embedded in the ER membrane through its single transmembrane domain and
proceeds to the plasma membrane through the secretory pathway (174).

Assembly of infectious virions occurs at the plasma membrane, and the Gag
pblyprotein is sufficient to mediate assembly of virus particles (174). Gag interactions
are responsible for incorporation of the pro-pol gene products by way of interactions
between Gag and Gag-Pro-Pol (174). The amino-terminus of the MA domain of the Gag
precursor is responsible for membrane binding, and the NC domain insures specific
incorporation of viral RNAs (174). Specific incorporation of HIV-1 Env into virions may
occur through the interaction of the cytoplasmic tail of gp41 with the MA region of Gag
(174). The incorporation of Vpr into virions is also mediated by interactions with Gag
(174). vAfter budding of virions through the plasma membrane, immature virions are
formed in which the Gag proteins form a shell close to the viral membrane (174). The
viral PR is active in the context of the Gag-Pro-Pol precursor, and after budding it cleaves
the Gag and Gag-Pro-Pol precursors into the mature proteins products (174). Subsequent
rearrangement of the core proteins results in maturation of the virion and collapse of the
core into a condensed cone or rod shaped structure (174). These mature particles
represent the infectious HIV-1 V'irions (174).

Many of the viral accessory genes play specific parts in the production of mature

virions (174). The Vif protein acts at the level of the producer cell to counteract an



unidentified factor found in T-cells and monocytes that reduces the infectivity of
produced virions (111, 170). In addition to its role in translocating the PIC (see above),
Vpr also plays a poorly understood role in producer cells by modulating the cell-cycle
(174). Vpu and Nef play crucial roles in producing infectious virions by
downmodulating CD4 in infected cells (174). Because Env proteins are capable of
receptor binding before budding occurs, downmodulation of CD4 probably allows for
increased Env incorporation (174). In addition, the downmodulation of cell surface MHC

class I molecules by Nef may reduce immune recognition of infected cells (140).



HIV-1 membrane fusion

Viral and cellular proteins. As mentioned above, receptor binding and entry of

retroviruses into host cells is strictly dependent on the glycoprotein products of the env
gene. These products are synthesized as a precursor protein with an apparent M, of
~160,000 referred to as gp160. The HIV-1 gp160 amino acid sequence is preceded by a
signal sequence (c.a., 30 amino acids), which is cleaved by the signal peptidase in the
RER (85). The precursor remains anchored in the membrane by the transmembrane
domain (85). Carbohydrates are added in the ER and gp160 is cleaved by a cellular
protease in the Golgi apparatus into SU and TM subunits, which remain noncovalently
associated (85). The SU protein is responsible for receptor binding, and the TM protein
is required for membrane fusion (180). The HIV-1 SU and TM products are referred to
as gp120 and gp41 respectively, the numbers reflecting the apparent M, in thousands
from SDS-PAGE analysis (85). gp120 and gp41 remain noncovalently associated on the
virion after cleavage and form higher order multimers, most likely a trimer of gp120-
gp41 heterodimers (referred to below as the Env trimer) (85). Fusion is also dependent
on two cellular proteins. The first of these cellular proteins is CD4, which is a cell-
surface marker found primarily on T-cells and cells of the monocyte/macrophage lineage
(85). The other cellular protein thus far identified as being required for fusion is termed
the coreceptor. Coreceptors are members of the family of chemokine receptors and other
closely related members of the seven-transmembrane spanning G protein-coupled (7TM)
receptor superfamily (107). While a number of different 7TM receptors exhibit
coreceptor activity under certain conditions, CCR5 and CXCR4 are the most important of
these for HIV-1 entry in vivo (3, 38, 50, 53, 54, 65, 107, 202). An overview of the
pfoposed mechanism of HIV-1 mediated fusion, as well as the structures and functions of
each of these four proteins (gp120, gp41, CD4, and coreceptor) are discussed in more

detail below.
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Proposed mechanism. The initial step in HIV-1 infection is attachment to the
surface of the target cell and binding to CD4. Attachment of retroviruses to cells has
been shown to be dependent on the SU protein (gp120 of HIV-1) and in most cases on
the presence of the viral receptor (85). For HIV-1, attachment to most cell types is
dependent on the presence of CD4 in the membrane (85). After attachment to the surface
of the target cell, virion associated gp120 must interact with both CD4 and the coreceptor
for fusion to occur (85). It has been shown that the interaction with coreceptor takes
place after binding of gp120 to CD4 (154). Thus, it has been proposed that the
interaction of gp120 with CD4 induces a conformational change in gp120 that forms a
site on gp120 for the interaction with the coreceptor (34).

Because HIV-1 is thought to fuse at the plasma membrane in a pH independent
manner, it has been suggested that an interaction of gp120 with a receptor induces
conformational changes in the Env trimer leading to initiation of the fusion process by
gp41 (34). Prior to the identification of the coreceptors, this role was suggested to belong
to CD4 (85). However, some observations are inconsistent with this view and suggest the
presence of a fusion cofactor. Foremost, CD4 expression in most non-human and some
human cultured cells is insufficient for viral entry, although CD4 dependent virus
attachment still occurs in these cells (85). Second, HIV-1 strains are known to exhibit
distinct tropisms for different cultured human cells which can not be accounfed for by
CD4 expression, and the determinants of tropism map to the viral env gene (85). As
discussed below, coreceptors account for most of these observations and are thus
assumed to be the viral receptors responsible for triggering fusion. Binding of the
coreceptor to gp120 is thought to alter the conformation of the Env trimers in such a way
as to allow gp41 to initiate fusion of the two membranes (34).

Fusion is thought to be triggered by extension of the amino terminal hydrophobic
region (fusion peptide) of the gp41 trimers into the plasma membrane of the target cell

(34). Subsequent conformational changes in trimeric gp41 lead to rearrangement of its
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coiled-coil conformation to a six-stranded helical bundle and to apposition of the viral
and cellular membranes (34). It is unclear how this leads to fusion. One proposal is that
clustering of multiple gp41 trimers could form a “fusion pore” which, once opened would
widen to allow entry of the viral core (34). |

gp41 mediated fusion. gp41 is an approximately 350 amino acid protein modified

by asparagine-linked (N-linked) oligosaccharides (34). The extracellular domain of gp41
consists of an amino terminal hydrophobic sequence (c.a., 30 amino acids) known as the
fusion peptidé which, by analogy to influenza A virus, is thought to insert into the target
membrane (34). The fusion peptide is followed by a region characterized by a heptad
repeat motif common to coiled-coil proteins (c.a., 50 amino acids) (33, 190). A short
linker connects this region to an additional heptad repeat region (c.a., 40 amino acids)
(33, 190). Oligomerization of the gp120-gp41 complex is mediated by gp41 through the
heptad repeat regions (34). An additional spacer region connects this domain to the
transmembrane domain, which spans the viral membrane (34). The carboxyl terminal
domain of HIV-1 gp41 is relatively large for a retrovirus (c.a., 160 amino acids), is
intracellular in virus producing cells, and lies inside the viral membrane after budding
(34). This domain has been proposed to interact with the viral gag gene products,
perhaps as a means of insuring incorporation of Env proteins into budding virions (174).
Two high resolution crystallographic structures of portions of HIV-1 gp41 have
been recently reported (33, 190). The findings of both groups are in concordance and
similar to those for related proteins from simian immunodeficiency virus (30, 114, 200),
murine leukemia virus (63), influenza A virus (85), and Ebola virus (115, 188, 189), all
of which are believed to have similar fusion mechanisms (171). Essentially, both groups
detérmined the structure of a protease resistant fragment consisting of two peptides that
conrrespond to the two heptad repeat regions (33, 190). A trimer of the amino terminal
heptad repeat forms a core coiled-coil, and the three carboxyl terminal repeats form o.-

helices packed anti-parallel into grooves on the surface of the coiled-coil, such that the
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fusion peptide and transmembrane domain would lie at the same ends of a six-stranded
helical bundle (33, 190). This conformation is thought to represent the post-fusion state,
after insertion into the target bilayer and subsequent rearrangement (33, 190). This
conclusion is in part by analogy \r;fith structures of the influenza A virus HA protein (see
below) (34). Additionally, this conclusion is supported by the fact that the structure
forms in the absence of gp120, and loss of contacts with gp120 is thought to lead to the
structural rearrangements in gp41 that occur during fusion (34). Finally, fusion can be
inhibited by peptides corresponding to the carboxyl terminal heptad repeat, suggesting
that the grooves on the amino-terminal coiled-coil are unoccupied prior to fusion, and
that the rearrangement of the carboxyl-terminal heptad repeats to fit into these grooves is
required for fusion (34).

The proposed mechanism of membrane fusion mediated by the gp41 protein of
HIV-1 closely resembles that of other enveloped viruses, the most extensively studied of
which is the influenza A virus (171). Therefore, it is useful to examine the similarities
and differences between the fusion mechanisms of influenza A virus and HIV-1. Like
HIV-1 Env, influenza hemagglutinin (HA) is synthesized as a single precursor, which is
proteolytically processed into HA1 and HA2 subunits (85). HAZ2 is the fusion subunit,
and has structural features in common with gp41 (85). HA1 is the receptor binding
subunit and shares no structural homology with gp120 (100). HA1 binds to sialic acid on
the surface of target cells, however fusion is not induced by receptor binding, but rather
by a change in the pH of vesicles after endocytosis of the virus (85). HA forms trimers
on the cell surface, with thé oligomerization being mediated by the coiled-coil
interactions of the HA2 subunits (85). Crystal structures of HA at neutral pH and of an
HA?2 fragment at low pH have been solved (85). In the neutral pH structure, the
carboxyl-terminus of HA2 forms a coiled-coil and the amino terminus containing the
fusion peptide is bent back against the carboxyl terminus (85). The HA1 subunit makes

contacts with the intervening loop (85). In the low pH structure, the loop and the amino-
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terminus form an extension of the coiled-coil, such that the fusion peptides would be at
the end of the coil (171). In addition, the carboxyl-terminus is now bent back around the
outside of the amino-terminal coiled-coil (171). This structure is similar to the structures
of gp41 described above, with the carboxyl-terminus and the amino-terminus pointed
toward to same end of a rod-like structure and an amino-terminal coiled-coil at its core
(171). This has led to the proposal that the low pH structure is the post-fusion
conformation and to the following hypothetical mechanism for influenza A virus
membrane fusion (171). First, the HA1 subunit binds to sialic acid and the virus is
endocytosed (171). The low pH triggers HA2 to form of an extended coiled-coil with the
amino terminal fusion peptide inserted into the target membrane (171). The extended
coiled-coil rearranges so that the carboxyl-terminus packs tightly against the amino-
terminus and the fusion peptide and transmembrane domain are drawn together pulling
the two membranes close together (171). The élustering of several HA2 subunits is
thought to form a pore which expands to allow -complete fusion (122). The structural
similarities suggest that the mechanism for gp41 mediated fusion is similar to that of
HAZ2 (34). However, HIV-1 fusion is expected to be initiated by the interaction of the
gp120 subunit with a coreceptor rather than by a change in pH (34). The elucidation of
the interaction of gp120 with the coreceptor is therefore of great importance for
understanding the process of HIV-1 entry.

Receptor binding by gp120. The mature gp120 protein is approximately 480
amino acids in length, and contains 18 cysteine residues (see Fig 1-1) (105). These
cysteine residues are involved in nine disulfide linkages which form five loops (105).
Two of these loops contain a single disulfide bond and three contain two or more
disulfide bonds (105). Approximately 50% of the apparent M, of gp120 is
oligosaccharides (105). Analysis has shown that all 24 potential sites for asparagine-
linked (N-linked) glycosylation are utilized in the gp120 protein of the prototype I11B
strain of HIV-1 (105). gp120 sequences from different HIV-1 isolates are highly
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variable, with most of the variable sequences falling into five hypervariable regions
termed V1 through V5, which vary both in sequence and length (85). V1 and V2 form a
large disulfide bonded loop (referred to as V1/2) containing three disuifide bonds, V3 and
V4 each comprise a disulfide bonded loop, and V5 is not delimited by disulfide bonds
(85). The variable regions are flanked by five conserved regions (the short semi-
conserved sequence between V1 and V2 is not counted) termed C1 through C5 (85). The
C1 and CS regions at the amino-and carboxyl-termini, respectively, have been shown to
be important for association with the gp41 trimer (79, 196). The variable regions have
been shown to be surface exposed by their antigenicity and extensive glycosylation (197).
The role of these variable loops and of the carbohydrates has been suggested to be to
shield the receptor binding domains from immune surveillance by presenting a surface
covered with “self” oligosaccharides and protein sequences which can be altered without
a loss of replicative capacity (100, 126, 197) .

The CD4 binding site on gp120 has been extensively analyzed (85). Neutralizing
antibodies against gp120 which compete with CD4 for binding to gp120 (termed CD4BS
antibodies) map to discontinuous sequences within conserved regions of CD4 (85). Site-
directed mutagenesis of gp120 has also shown that amino acid substitutions that disrupt
CD4 binding are found in constant regions of CD4 (85). Taken together the results
suggest that portions of the C2, C3, and C4 regions fold to form a tertiary structure
critical for CD4 binding (85). The importance of these regions was confirmed in the
atomic structure of the core of gp120 bound to a fragment CD4 (100), and the nature of -
the tertiary structure involved is described below.

Determination of the coreceptor binding site has begun more recently and is less
definitive. Most work to date has focused on regions of gp120 that determine which
coreceptor is used by a given virus strain. The V3 loop has been identified as the major
determinant of discrimination between CCRS and CXCR4 coreceptor usage (21, 38, 91,

160, 172). Increased basic character.of V3 has been implicated in CXCR4 usage (87,
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91). Specific sequence alterations in gp120s from CXCR4 dependent strains can promote
the use of CCRS instead (84, 183, 199). However, the sequence alterations required
depend on the HIV-1 isolate, and there is not yet a specific consensus sequence that can
predict coreceptor use (84, 91, 172, 183, 199). Sequences that allow use of both
coreceptors are often produced in gp120 chimeras or mutants (91, 172) and also arise in
vivo (17). These results suggest that coreceptor choice, while clearly controlled by the
V3 region, may be dependent on structural features rather than an absolute sequence
requirement, or that other unidentified regions interact with V3 in determining coreceptor
choice. In addition, the determinants of CXCR4 and CCRS use must be at least partially
overlapping.

Further studies have attempted to address coreceptor binding as opposed to
coreceptor choice. Studies have demonstrated that purified monomeric gp120 competes
for chemokine binding to CCR5 when CD4 or a soluble fragment of CD4 is present (177,
193). This competition has been interpreted as a direct CD4 dependent interaction of
gp120 with the chemokine receptor (177, 193). The integrity of the V3 region is
necéssary for this competition to be observed (177, 193). Additionally, the interaction is
blocked by monoclonal antibodies that bind to gp120 epitopes induced by CD4 binding
(CDA4i epitopes). CD4i epitopes are formed from the constant regions near the base of the
V1/2 and in C4 (177, 193). Studies of gp120 binding to CXCR4 also implicate the V3
and CD4i regions of gp120 in coreceptor binding (123). The importance of CD4i regions
in coreceptor binding is underscored by the mutation of gp120 residues shown to directly
contact a CD4i epitppe recognizing monoclonal antibody (mAb) (151). Mutation of
these amino acids disrupts CCRS5 binding by gp120 (151). Other studies have examined
the binding of virion associated gp120 to coreceptors by less direct methods. A recent
study indicates that a single amino acid change in the V1 loop of gp120 from one virus
isolate can enable it to exploit extremely low concentrations of CCRS, most likely by

increasing the affinity of gp120 for CCRS (49). In addition, we have recently found that
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a point mutation in the V3 region of a cloned HIV-1 isolate enhances its affinity for
mutant CCR5s which bind the wild-type gp120 poorly (142). Taken together, the above
results suggest that the coreceptor binding site is likely to involve a tertiary structure
comprised of both conserved and variable regions.

A high resolution crystal structure has been solved of the core of gp120 from the
HXB?2 isolate complexed to the D1D2 fragment of CD4 (see below) and an Fab fragment
of the CD4i human anti-gp120 mAb 17b (100). This structure lacks the variable regions
V1/2 and V3, is truncated at the amino and carboxyl termini, and all carbohydrates have
been enzymatically removed (100). In addition, the V4 region is disordered in the
structure (100). However, this gp120 core fragment binds CD4 and retains much of the
antigenic character of native gp120 (22, 100), suggesting that the structure of the gp120
core is relevant to the native structure. The structure is significant because it
demonstrates the nature of the CD4 binding site, and because it suggests a mechanism for -
coreceptor binding. The gp120 core consists of two domains, termed the inner and outer
domains based on their presumed positions in the gp41 associated trimer (100, 197).
Although gp120 is monomeric in the absence of association with gp41, the assignment of
the inner and outer domains was made based on the fact that the gp41 binding regions,
although not present in the crystal structure, would be located on the face of the inner
domain opposite the CD4 binding site (100). Non-neutralizing antibodies, which are
elicited to epitopes on monomeric gpl120 that are occluded in the trimeric structure, map
to the same face of the inner domain as the gp41 binding site (100, 197). The inner and
outer domains are bridged by a four stranded B-sheet (termed the bridging sheet) formed
by the stem of the V1/2 loop (the C1 and C2 residues immediately flanking the V1/2
loop) and part of the C4 region (100). The presumed locations of the V1/2, V3, V4, and
V5 regions are exposed on the surface of the predicted trimeric structure (100).

The CD4 binding site on gp120 is formed from a depression at the interface of the

inner and outer domains and part of the bridging sheet which includes the V1/2 stem
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(100). The gp120 residues that make direct contactsvwith CD#4 are short stretches of
conserved amino acids contributed by the C2, C3, C4, and C5 regions (100). The binding
interface is unusual because about half of the contacts with CD4 are not from side-chain
atoms, but from the main-chain (100). The interface is not a continuous protein-protein
surface, but is interrupted by a water-filled cavity on the gp120 surface, which is lined
with variable residues, but maintains an electrostatic complementarity to CD4 (100). A
critical gp120 binding residue of CD4, phenylalanine 43, is inserted into the opening of a
large cavity in the interior of the gp120 structure (100). When the four domain structure
of the extracellular fragment of CD4 (soluble CD4, sCD4) is modeled in place of the two
domain fragment found in the crystals, the gp120 molecule is oriented such that, viewing
the structure from the plane of the target membrane, CD4 contacts the molecule from the
side (100). This orientation results in the base of the bridging sheet and V3 loop facing
the target cell membrane (100). Several features of the CD4 binding site are suggested to
contribute to immune evasion (100). First, the residues which contact CD4 are dispersed
throughout the linear sequence of gp120 (100). Second, main-chain atoms make a major
contribution to the CD4 binding site (100). Third, the conserved portions of the binding
site are interrupted by a large cavity lined with more variable side-chains (100). Finally,
the critical contacts with CD4 are recessed in a narrow cavity (100).

CD4i epitopes are more exposed after CD4 binding (197) and in unusual viruses
isolated in vitro which infect cells independent of CD4 (82). CD4i mAbs also compete
with coreceptor for binding to gp120 (197). The similarities betwen CD4i antibody
binding to gp120 and coreceptor binding to gp120 suggest that CD4i epitopes overlap the
coreceptor binding site. Indeed, mutation of conserved residues in gp120 involved in the
binding of mAb 17b also disrupt gp120 binding to coreceptor (151). The core gp120
structure solved by Kwong and coworkers was solved as a complex with an Fab fragment
of 17b (100), allowing a clear delineation of the conserved structures proposed to be

involved in coreceptor binding. The.17b Fab makes contact with the base of the bridging
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sheet on the side of gp120 facing the target cell membrane (100). The 17b contact
surface is basic and hydrophobic in character (100). If present in the structure, the V3
loop would also be oriented toward the target cell membrane adjacent to the 17b binding
site (100). Based on these considerations, it is attractive to speculate that the structure
solved by Kwong and coworkers represents a gp120 intermediate primed for coreceptor
binding, and that the highly acidic amino-termini of the coreceptors interact with the
basic surface of the bridging’sheet (100). In this model, the V3 loop region would be
likely to interact with other coreceptor regions and the coreceptor binding site would be
formed from both conserved and variable regions of gp120 (100).

Although the structure solved by Kwong and coworkers represents only one
conformation of the extremely flexible gp120 protein, and is missing key regions needed
for a full understanding, the structure and other work in the field allow the authors to
form a speculative model of the sequential mechanism of receptor binding (100). This
model is detailed in references (100, 126), and only briefly summarized here. Initially,
binding of the Env trimers to the D1 domain of CD4 positions the gp120 proteins with
the chemokine receptor binding regions oriented towards the target cell membrane (100).
Although the pre-CD4 binding conformation is unknown, the authors suggest that CD4
- binding forms or stabilizes the bridging sheet by its interaction with residues from three
of the four strands in the sheet and by a reorientation of the inner and outer domains with
respect to one another, thereby forming the large internal cavity which is stabilized by
phenylalanine 43 of CD4 (100). The V1/2 loop is probably masking the V3 and bridging
sheet regions before CD4 binding and is shifted by the subsequent conformational
changes (100, 198). The structure of V3 may also be altered by CD4 binding (100).
Thus, the coreceptor binding site of gp120 is revealed and correctly oriented by CD4
binding (100). The next step is the interaction of gp120 with the coreceptor which is
probably facilitated by the flexibility of CD4 at the D1D2 to D3D4 junction (see below)

(100). This flexibility allows the virus bound above the glycocalyx to make close contact
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with the extracellular domains of the coreceptors which lie close to the membrane (100).
The coreceptor then binds to the base of the bridging sheet and the V3 loop (100). It
seems that selectivity is conferred on a conserved coreceptor binding site by the variable
regions because the binding site consists of both variable regions of gp120 and regions
conserved between virus isolates that utilize different coreceptors (100). Because the V3
region is variable even among viruses using the same coreceptor, the tertiary structure of
V3 and main-chain contributions from this region may be key to coreceptor recognition,
similar to the CD4 binding site (100). After the coreceptor interaction, gp120 must
undergo further structﬁral changes to allow exposure of the fusion peptide of gp41 and
initiation of the membrane fusion mechanism described in the previous section. The
structure of gp120 does not reveal how this rearrangement may occur, but it is proposed
that a rearrangement between the gp120 subunits of the Env trimer may loosen the

interaction of gp120 with gp41 (100).

Structure and function of CD4. CD4 was identified as a receptor for HIV-1 soon
after the virus was identified (44, 94). The initial identification was based on several
observations: i) CD4+ T-cells are depleted in AIDS patients (85); ii) HIV-1 replication is
restricted to CD4+ cells in vitro (85); iii) CD4 levels on the surface of T-cells are
decreased after HIV-1 infection (85); and iv) Monoclonal antibodies against CD4 block
HIV-1 infection (85). When the cDNA encoding CD4 is transfected into some otherwise
resistant cultured human cells, it renders them susceptible tb HIV-1 infection (113). In
addition, it has been shown that CD4 mediates attachment of HIV-1 virions to the
surfaces of CD4+ T-cells by binding to gp120 (118, 119). Although endocytosis was
initially implicated in entry, later studies showed that entry is independent of pH and it is
now generally accepted that fusion occurs at the plasma membrane through a receptor
rather than pH initiated process (85).

CD4 is a glycoprotein with an apparent M, of approximately 60,000 which is

expressed mainly on major histocompatibility complex class IT (MHC class II)
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recognizing T-cells, which are primarily T-helper cells (1‘2). CD4 can also be found on
cells of other lineages including monocytes and macrophages (85). In T-cells, CD4
functions in immune responses as an accessory factor to T-cell receptor (TCR) activation
by MHC class II complexes on antigen presenting cells (12). CD4 binds to non-
polymorphic sequences on MHC class II molecules and strengthens the interaction
between MHC class II and the TCR (12). In addition to strengthening this interaction,
CDh4 hlay also transmit a costimulatory signal through the associated tyrosine kinase
P56 (12).

CD4 is an integral membrane protein and contains a large extracellular segment
(c.a., 370 amino acids) consisting of four immunoglobulin-like domains, D1 to D4,
numbered from the amino terminus (156, 182). The immunoglobulin-like domains are
attached to a transmembrane anchor, and a short cytoplasmic tail (c.a., 38 amino acids)
which contains the carboxyl terminus and is involved in signaling through p56'* (156,
182). Like the reciprocal site on gp120, the CD4 structures involved in gp120 binding
have been thoroughly investigated and are reviewed in reference (85). TheiDl domain
has been implicated in this process through mapping of anti-CD4 mAbs able inhibit
attachment and infection (85). These results are supported by chimeric and mutational
analyses of the human CD4 gene expressed in cells which are rendered susceptible to
HIV-1 by CD4 expression (85). Specifically, residues 30 to 60 of human CD4 have been
implicated HIV-1 infection and phenylalanine 43 is a critical amino acid determinant
frbm this region (85). Notably, the transmembrane domain and cytoplasmic tail have
been shown to be dispensable for HIV-1 infection by the use of truncated and
glycophospholipid anchored CD4s (85).

Atomic structures of the human CD4 extracellular D1D2 fragment alone (156,
182) or bound to the gp120 core (100) have been solved by x-ray crystallography. A rat
D3D4 structure at atomic resolution (27) and a lower resolution four domain human

sCD4 structure (192) have been solved and allow for a complete picture of the
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extracellular region of CD4. The sCD4 molecule forms an extended structure with each
domain forming an immunoglobulin fold stacked on the next domain (192). The -
presumptive location of the transmembrane domain suggests that CD4 does not extend
away from the membrane at a right angle, but at an angle of approximately 45° to the
perpendicular (192). The sCD4 structure was solved in three different crystal forms
which reveél a high degree of flexibility at the junction between the D1D2 and D3D4
portions (192). The region implicated in gp120 binding sits at the end of the extended
molecule most distant from the membrane (100, 192). The gp120 binding site in CD4
forms a ridge on top of the D1 domain and is remarkable for the protrusion of the critical
gp120 binding residue phenylalanine 43 away from the molecule, even in the absence of
gp120 (100, 156, 182). In the CD4/gp120 cocrystal structure the D1D2 CD4 structure is
not dramatically altered from that in the absence of gp120 (100). In the cocrystal
structure, the gp120 binding ridge sits in the crevice between the inner and outer domains
of gp120, and phenylalanine 43 assists in the formation of a large cavity in the interior of
gp120, as discussed 