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BIMOLECULAR FLUORESCENCE COMPLEMENTATION REVEALS THAT
HIV-1 NEF OLIGOMERIZATION IS ESSENTIAL FOR CD4 DOWNREGULATION
AND VIRAL REPLICATION
Jerrod A. Poe, Ph.D.

University of Pittsburgh, 2009

HIV-1 Nef is a small myristoylated protein capable of interaction with a diverse array of
host cell signaling molecules. Multi-faceted in its function, Nef is a critical accessory factor,
essential for high-titer viral replication and AIDS progression. Despite its essential role, the
molecular mechanisms of Nef-mediated HIV pathogenicity are not fully understood. Previous
biochemical and structural studies have suggested that Nef may form homodimers and higher
order oligomers in HIV-infected cells. The studies summarized below investigated the
oligomeric status of the HIV-1 nef gene product and its role relative to Nef-mediated function.

We explored the formation of Nef oligomers in live cells by adapting a bimolecular
fluorescence complementation (BiFC) assay, a well-defined system in which dimeric protein
interactions are observed in live cells. Using this assay, we provided the first direct evidence for
Nef oligomerization in vivo. We then assessed the generality of oligomerization by a group of
Nef alleles broadly representative of all major HIV-1 subtypes and found oligomerization was
highly conserved across all subtypes examined.

We then used our BiFC system to define residues previously suggested via X-ray
crystallographic studies to comprise the Nef dimerization interface. Using a systematic strategy
for the mutagenic profiling of the oligomerization interface, we discovered two classes of

residues were critical to Nef oligomerization. BiFC was completely abolished when either all



four key hydrophobic interactions were simultaneously removed or when ionic interactions
mediated by D123 and R105 were disrupted.

Finally, we utilized Nef mutants identified in the mutagenic profiling of the
oligomerization interface to explore the effects of oligomeric disruption on Nef function.
Screening a panel of Nef mutants with varying degrees of oligomeric disruption we discovered,
surprisingly, despite the varying effects on oligomerization, all of these mutants were shown to
dramatically disrupt Nef-induced CD4 downregulation and viral replication. Taken together, the
studies presented in this dissertation advance the field of HIV research by furthering our
understanding of the regulation of Nef-mediated downregulation of CD4 and enhancement of
HIV replication as well as validating the Nef oligomerization interface as a potential target for

anti-retroviral drug design.
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1.0 INTRODUCTION

1.1 HUMAN IMMUNODEFICIENCY VIRUS (HIV)

For more than a quarter of a century, a virus belonging to the genus Lentivirus in the
Retroviridae family has plagued our world. Perhaps best recognized simply as the etiological
agent of acquired immunodeficiency syndrome (AIDS), multiple names were suggested for the
AIDS-virus: human T-lymphotropic virus-III (HTLV-III), lymphadenopathy-associated virus
(LAV), and AIDS-associated retrovirus (ARV) (38). By 1986, the International Committee on
Taxonomy of Viruses recommended giving the AIDS-virus its separate name: the human
immunodeficiency virus, HIV(37). Since the initial report describing five young men suffering
from a mysterious illness (1), over 60 million people have contracted HIV globally, of which
over a third have since died from their illness (63). To date, over 270,000 HIV/AIDS-related
reports have been published in the NIH National Library of Medicine PubMed database. Such
reports describe the alterations of numerous intracellular pathways and host interactions upon
infection with the HIV virus, all in order to promote survival of the virus and disease
progression. Indeed, continued research into the molecular mechanisms of HIV-mediated disease
and the discovery of solutions to inhibit those mechanisms is globally at the forefront of

scientific investment.
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1.1.1 Description of HIV: Virion Structure

HIV is a member of the lentiviral group of retroviruses, and as such maintains the general
characteristics of all retroviruses with the exception of its cone-shaped core (Figure 1).
Comprised of the viral p24 Gag capsid (CA) protein, the core measures 40-60 nm at its widest
point and approximately 20 nm at its narrowest end (127). Within the core, the highly basic
nucleocapsid (NC) protein, p7, interacts with the viral genomic RNA in a non-specific manner to
provide protection from nucleases and compactness within the viral core. The myristoylated matrix
(MA) core protein, pl7, lies between the capsid and the envelope, providing structure to the inner
portion of the viral membrane (81,82). The viral envelope, a bilayer membrane comprised of specific
lipid domains derived from the host cell (8), contains two major viral glycoproteins, the heavily
glycosylated surface (SU) protein, gp120 and the transmembrane (TM) protein, gp41. Derived from
the precursor glycoprotein gp160, gp120 and gp41 mediate the initial stages of viral entry and in later

stages, syncytium formation (70,152).
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Figure 1. Virion Structure

An HIV virion with the structural proteins identified. The exact location of Nef in association with the core has not

been well established. The abbreviated viral protein designations are those recommended (136).

1.1.2 Description of HIV: Entry & Replication

Viral entry requires the successful interaction of HIV with receptors on the host cell

surface (Figure 2). Interaction of the viral glycoprotein gp120 with the cell surface receptor CD4

and a chemokine receptor (CCR5 or CXCR4) mediates viral attachment to the host cell and

determines viral tropism. The interaction of these proteins induces the displacement of gp120,
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leading to the uncovering of domains present on gp41 which then interact with phospholipid
moieties promoting the process of viral fusion and entry (162,228). Subsequently, the viral
capsid is uncoated and the viral genome and its associated proteins are injected into the
cytoplasm where reverse transcription converts the viral RNA into a double-stranded
complementary DNA (cDNA) molecule. Once transported to the nucleus, the newly synthesized
viral cDNA is integrated into the host chromosome, a process involving the HIV integrase (IN)
and other host cell factors (50,134). Upon initiation of cellular activation signals, the provirus is
transcribed to create an array of viral transcripts, including the full-length viral RNA genome.
Following splicing by RNAse H, viral transcripts are translated and processed to create
functional viral proteins. Viral assembly concludes at the cellular membrane where immature

virions are released from the cell via budding.
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Early Phase | Late Phase

Figure 2. HIV Entry and Replication

The phases of the HIV-1 replication cycle may be generally divided into nine stages. (1) The early phase begins with
viral attachment, quickly followed by fusion and entry (2) Uncoating of the viral core (3) Reverse transcription
converts the single-stranded viral RNA genome into double-stranded DNA (4) Circularization, the preintegration
complex (PIC) of viral and cellular proteins is transported to the nucleus (5) Integration of viral DNA into the host
chromosomal DNA. (6) In the late phase of the cycle, transcription is initiated by RNA Pol II forming spliced and
unspliced mRNA templates. (7) Translation produces accessory proteins and polyproteins (Gag and Gag-Pol)
encoding structural and enzymatic proteins (8) Core particle assembly is initiated and (9) Final assembly and release

of progeny virions. Figure adapted from (137).
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1.1.3 Description of HIV: Genome

There are two forms of HIV, designated HIV-1 and HIV-2, of which HIV-2 shares 40-
60% homology with HIV-1, the most prevalent strain. As a primate lentivirus, the genome of
HIV is more complex than other retroviruses in that it encodes six auxiliary genes in addition to
the three common lentiviral genes gag (group-specific core antigen), pol (polymerase) and env
(envelope). These three genes, which are present in all replication competent retroviruses,
encode well-characterized structural and enzymatic protein components essential for proper virus
processing and assembly. The accessory genes of HIV-1 consist of two regulatory genes, fat
(transactivation of transcription) and rev (regulator of viral protein expression) and four
accessory genes vif (viral infectivity factor), vpr (viral protein R), vpu (viral protein U) and nef
(originally an acronym for “negative factor” but perhaps more appropriately “numerous effector
functions;” see below). HIV-2 lacks the vpu gene, but contains a related gene, vpx (viral protein
X). Thus, the HIV genome consists of nine overlapping genes, spanning approximately 10 kb,

with open reading frames coding for each of these viral proteins (Figure 3, Table 1).

gada |

pol

Figure 3. HIV Genome
The viral genome is flanked by two long-terminal repeats (LTRs) that contain promoter elements necessary for viral
transcription. The auxiliary genes are highlighted. The studies presented in this dissertation focus on the pathogenic

role of the nef'gene, located at the 3* end of the genome (red). This figure is adapted from (72).
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Proteins’ Designation(s)2 and Size’ Function
Gag p24 Capsid (CA), structural protein
pl7 Matrix (MA) protein, myristoylated
p7 Nucleocapsid (NC)
p6 Role in budding
Polymerase (Pol) p66, p51 Reverse Transcription (RT): RNAse H
Protease (PR) pl0 Posttranslational processing of viral
proteins
Integrase (IN) p32 Viral cDNA integration
Envelope (Env) gpl20 Envelope surface (SU) protein
gp4l Envelope transmembrane (TM) protein
Tat pl4 Transactivation
Rev pl9 Regulation of viral mRNA expression
Nef p27 Pleiotropic, can increase or decrease
virus replication
Vif p23 Increases virus infectivity
Vpr pl5 Virus replication, transactivation
Vpu pl6 Virus release

Table 1. HIV Proteins

'See Figure 3 for location of viral genes on the HIV genome

*See Figure 1 for location of structural proteins within virion

*Numbers in designations are sizes, in kilodaltons (kDa)

This figure is adapted from (137).
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1.1.3.1 HIV-1 Structural Proteins

As noted above, the primary morphology of HIV is determined by three main structural genes,
gag, pol and env. Each of the three structural genes undergoes a proteolytic cleavage event,
generating multiple viral proteins. The primary transcript of HIV is a full-length viral mRNA,
from which the Gag and Gag-Pol polyprotein precursors are derived. Within the nascent viral
particle, the Gag precursor gives rise to p24 (CA), p17 (MA), p7 (NC), p6 (Proline-rich) and two
smaller spacer polypeptides p2 and p1. Approximately 2000 Gag precursors are packaged within
the virion to ensure that a sufficient quantity of structural proteins are present during assembly
(81,159). The Pol region of the precursor encodes three essential viral enzymes, protease (PR),
reverse transcriptase (RT), and integrase (IN). The pol-encoded enzymes of Gag-Pol are made in
relatively small quantities compared to the structural proteins of Gag. The Gag and Gag-Pol products
are synthesized in a ratio of about 20:1 to ensure controlled activation and proper localization within
newly formed virions (116). Prior to viral assembly, the surface and transmembrane envelope
proteins, gp120 and gp41 are made from the singly spliced Env precursor gp160. Proteolytic

cleavage of gp160 is mediated by the cell host enzyme furin, an endoprotease (97).

1.1.3.2 HIV-1 Auxiliary Proteins

As a complex retrovirus, HIV also encodes a variety of regulatory and accessory proteins.
Although the regulatory proteins are essential for viral replication, the accessory proteins were

initially considered dispensable for replication (48,115). However, studies have since shown that
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accessory proteins contribute to the maintenance and even enhancement of efficient viral
replication and pathogenesis in vivo (57,86).

The regulatory protein, Tat, is a potent transcriptional activator of the 3’ portion of the
viral long terminal repeat (LTR) promoter element and is involved in up-regulating HIV
replication from the provirus—the integrated form of the virus. Tat acts mainly at the level of
transcriptional elongation (46,47). The second regulatory protein, Rev, is a sequence specific
nuclear export factor. Rev, in association with other cellular host proteins, facilitates the entry of
unspliced mRNA into the cytoplasm where production of full-length viral proteins needed for
virion formation occurs (51,64,201). Thus, both Tat and Rev are RNA binding proteins that
interact with cellular factors to influence and optimize viral replication.

The HIV accessory proteins affect numerous stages of viral production ranging from cell
activation, assembly, cell cycling, budding and infectivity. Vif influences viral infectivity and
proviral DNA synthesis in infected cells (212). Recent reports have suggested Vif enhances
infectivity through its interaction with and degradation of the antiviral cytidine deaminase
protein, APOBEC3G (153,196). In the absence of Vif, the incorporation of APOBEC within
viral particles inactivates viral replication during the post-entry phase of infection by causing
extensive editing of the newly synthesized viral genome. Produced late in virus replication, Vpr
mediates the nuclear transport of the preintegration complex (PIC). Vpr also arrests cell
proliferation in the G2 stage of the cell cycle where it transactivates the LTR of the integrated
viral DNA and consequently increases virus production (66,80,167). Vpu enhances virus
replication at the level of virion release from infected cells. Vpu lowers the surface expression of
CD4 by initiating the rapid degradation of CD4 following its synthesis in the endoplasmic

reticulum. Continual expression of CD4 on the cell surface, in the absence of Vpu, can reduce
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viral particle formation up to five-fold (23,219). Finally, Nef is perhaps the most multi-faceted
accessory factor, capable of interactions with a diverse array of host cell signaling molecules.
Ranging from the establishment of infection upon viral entry to AIDS progression, the role of

Nef in HIV pathogenesis will be described later in more detail (see section 1.3).

1.1.4 HIV Subtypes

Sequence comparisons among HIV-1 and HIV-2 isolates revealed extreme envelope diversity, as
well as striking similarities among viruses. Based on full-length viral genome sequencing there
are currently three designated HIV-1 groups: M (main), O (outlier) and N (non M or O). Eight
HIV-2 groups have also been identified (173). The most widespread of all HIV groupings, nine
HIV-1 subtypes (clades) have been identified within the M group and are designated A, B, C, D,
F, G, H, J and K (163,178). As an independent clade, each subtype differs in amino acid
composition by at least 20% in the envelope region and 15% in the Gag region. Altogether, the
groups display greater than 25% nucleotide sequence variation in the Env and Gag regions and,
as defined, are approximately equidistant from each other (Figure 4). The HIV-1 M groups also
distinguish the prevalence of infection on a global scale. Whereas subtype B is found primarily
in North and South America and Europe, subtypes A, C, D and E are most common in the
developing world (Figure 5). However, recombinant viruses emerge frequently in populations
where multiple clades are present. Over time and with growing prevalence, these recombinant
forms (CRFs) are recognized as an epidemiologically important lineage. Currently, there are 16

established CRFs derived from the group M HIV-1 isolates (11,163,178).
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Figure 4. Phylogenetic Tree of Human and Simian Lentiviruses

The genetic similarity between different HIV and simian immunodeficiency virus (SIV) strains was compared by
aligning the full genome sequences. HIV-2 and HIV-1 share only 50-60% sequence identity and cluster at distinct
locations on the phylogenetic tree whereas SIVcpz branches out from the root of the HIV-1 groups. The distances

between main (M) group HIV-1 subtypes are highlighted as shown. This figure was adapted from (11)
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1.2 HIV-1 NEF CHARACTERISTICS

The HIV-1 nef gene product is a ~ 27 kDa protein (the largest of the auxiliary factors)
responsible for numerous critical functions during viral infection and pathogenesis (7,49,53,89).
Located at the 3’ end of the env gene and partially overlapping the U3 region of the 3’ LTR, nef
is abundantly expressed during the onset of infection and localizes to the plasma membrane via
myristoylation at its N-terminus (103,118). In addition, a cholesterol recognition motif at its C-
terminus may also target Nef to cholesterol-rich regions of the plasma membrane, including lipid
rafts (233). Nef may also be present in the cytosol, trans-Golgi network (TGN), and nucleus and
is incorporated into the virion of newly formed viral particles [reviewed by (69,76)]. In
particular, the nef gene product is responsible for an ever-growing list of viral functions essential

for HIV pathogenesis.

1.2.1 Key Recognition Motifs

Nef lacks intrinsic enzymatic activity, and it is therefore presumed to exert its effects via binding
to multiple host cellular proteins. Well conserved among HIV-1 subtypes, the nef gene encodes
an accessory protein containing numerous well-defined recognition motifs (Figure 6). Perhaps
not surprisingly, most of the numerous motifs critical for binding to various cellular proteins are
located within the stable core domain of Nef. Sequence alignments of the HIV-1 Nef protein
from a total of 186 different strains from varying subtypes revealed an unexpectedly high
conservation (77). The degree of sequence conservation also revealed that the Nef protein

contains several conserved, well-described sequence motifs implicated in binding to distinct
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intracellular targets: the myristoylation motif, MGxxxS,; the acidic region, Ei;EEE (PACS-1);
the dileucine motif, LesL. (CD4, AP-1/2/3); the proline-rich motif, P7,xxP (SH3 domains from
multiple targets); and the diarginine motif R;osR (PAK1/2) (Figure 6) (15,77). Indeed, the nef
gene product is capable of binding to an ever-growing list of cellular targets within the host-

infected cell (53,68).
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1.2.2 Structural Biology of Nef

Although it has not been possible to crystallize the full-length Nef protein, structural information
on key Nef regions has been obtained through NMR spectroscopy and X-ray crystallography.
Crystallization of the HIV-1 Nef core domain, complexed with the Src homology 3 (SH3)
domain of the Src family kinase Lyn, revealed that the core region of Nef is highly stable, with
several well-conserved motifs accessible on the outer surface of the protein (12,133). Using
magnetic resonance (NMR) spectroscopy, the solution structure examined the N- and C- terminal
domains and confirmed the stability and modeling of the Nef core in association with various
binding partners (93-95). Data obtained from these studies show that the N-terminal region of
Nef consists of a type II polyproline helix (aa 70-77), which contains the main binding site for
the SH3 domain of Src family kinases. Following this domain are two anti-parallel a helices (aa
81-120, designated oA and oB respectively), which are kept in close proximity by a four-
stranded anti-parallel  sheet (aa 121-186). The flexible C-terminal tail region consists of two
short a helices (aa 187-203). Forming flexible solvent-exposed loops are regions within the N-
terminal lobe (aa 60-71) and C-terminus (aa 149-177). The structural characteristics of the Nef
protein may prove advantageous for eliciting multiple functional associations, as will be

discussed later in more detail.

1.2.3 Myristoylation

Post-translationally modified by the irreversible attachment of the 14 carbon saturated fatty acid

myristic acid, myristoylation targets Nef to the plasma membrane (96,118). Nef contains a highly
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conserved Met-Gly-X-X-X-Ser/Thr consensus sequence, where covalent linkage of myristic acid
occurs via an amide bond to the N-terminal glycine at the Gly 2 position. Once the initial
methionine is cotranslationally removed by methionine amino-peptidase, the soluble enzyme N-
myristoyltransferase (NMT) mediates the addition of myristic acid. This process, however, is not
unique to Nef as this posttranslational modification is common in both viral and cellular proteins
also found in the plasma membrane. This includes all members of the Src kinase family, which
are also important binding partners for Nef [reviewed by (175,176)].

Mutation of the N-terminal glycine to alanine greatly reduced or prevented membrane
binding, indicating the requirement of Gly 2 for myristoylation-mediated membrane association
(102,175). Nef mutants lacking this posttranslational modification were unable to bind critical
membrane and intracellular proteins such as the HIV receptor, CD4 (105); a component of non-
clathrin coated vesicles, B-COP; the Src family kinase, Lck (102); the cytoskeletal protein,
actin(60) and numerous other intracellular proteins (104). These studies indicate that
myristoylation is not only critical for membrane targeting of Nef but is also for interaction with
multiple partner proteins. Further, the addition of a myristoyl group to the amino terminus of Nef
is critical for virtually all of its biological activities (4,35,187) as will be discussed later (see

section 1.3).

1.2.4 Oligomerization

At a time when the biological importance and molecular mechanisms of Nef-mediated effects
were still ambiguous, multiple studies examined the biochemical and biophysical properties of

the Nef protein in an attempt to reveal structural characteristics or associations that may be
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significant for its function. Examination of the amide composition of Nef initially suggested a
conserved leucine zipper-like repeat may be present in the core region (185). Later expressed in
bacteria and eukaryotic cells, studies with the recombinant protein suggested that Nef was able to
form homo-oligomers, on the order of dimers, trimers and tetramers, via intermolecular disulfide
bonds between cysteine residues of Nef (122). NMR data from the same study also suggested
non-covalent interactions between Nef oligomers, stabilized mainly by polar or electrostatic
interactions, can occur even under strong reducing conditions. Subsequent studies by Fujii et al.
further supported the presence of non-covalently associated Nef oligomers at both the cell
surface and cytoplasm of infected CD4+ HeLa cells (71). A detailed description of the secondary
and tertiary structure of Nef, via NMR, further supported homo-dimerization of the Nef core
domain (94). However, counter to previous studies, Nef oligomers were observed under both
reducing and non-reducing conditions, suggesting the formation of an oligomeric Nef complex
occurs without the stabilization of disulfide bonds. In support of the presence of Nef oligomers,
crystallization of the Nef core further revealed a prominent solvent-accessible hydrophobic
crevice suggestive of a binding target which, if disrupted, may prevent interaction with other
molecular partners, including additional Nef proteins (133). In support, the crystal structure of
the Nef core solved by Arold et al. demonstrates an interface buried between adjacent aB helices
of Nef molecules may provide the structural basis for oligomerization (12).

In perhaps the most extensive study on the molecular basis of Nef oligomerization, Arold
et al. further analyzed the self-associating properties of HIV-1 Nef by chemical cross-linking,
dynamic light scattering, equilibrium analytical ultracentrifugation and NMR spectroscopy (13).
Using a Nef core mutant A206, where C206 is the only solvent-accessible cysteine, chemical

cross-linking experiments supported the notion that the formation of Nef oligomers did not
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required disulfide bridges. These studies also revealed that the oligomeric state of Nef is
concentration dependent, with the most prevalent forms being monomers and dimers, while less
frequently observed were trimeric complexes. In both the dimeric and trimeric arrangements, the
principal homologous contacts are established by: R105, D108, 1109, L112, Y115, H116, F121,
P122 and D123. Highly conserved among HIV-1 isolates, these residues comprise a hydrophobic
core, centralized around Y115 and FI121 (I1109-P122), flanked by electrostatic interactions
between RO15 and D123 (Figure 7). Further, the oligomeric configuration of Nef did not
interfere with the recruitment of the SH3 domains (12,133), CD4 (95), or MHC-I (85),
suggesting a structure-function role for Nef oligomerization in vivo. In support, studies by Liu et
al. suggest that mutation of the highly conserved residue D123 not only disrupted Nef
dimerization, but also Nef-mediated interactions with various cellular proteins (139). However,
the biological significance of Nef oligomerization within HIV infected host cells remains to be
determined. Indeed, as suggested by the X-ray crystal structures, the intermolecular contacts
between the aB helices comprise the Nef dimer interface. This region was a major focus of my

dissertation as a requisite for Nef function.
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Figure 7. Crystal Structure of the Nef Dimerization Interface

Two views of the crystal structure of the dimeric Nef core. (A) The dimerization interface between the aB helices of
two Nef proteins. The boxed region at the bottom indicates the orientation of the enlarged dimerization interface.
Close-up views of the dimer interface formed by the aB helix, showing key (B) hydrophobic residues and (C) the
reciprocal ionic interactions between Asp 123 and Arg 105. These models were produced using the X-ray crystal

coordinates of Lee, et al. (PDB 1EFN) (133).
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1.3 ROLE OF NEF IN HIV INFECTION

1.3.1 [Initial Findings

To date, the characterization of the functional roles of Nef has expanded into numerous aspects
of viral pathogenesis. Initially, mutation or deletion of the coding region of nef indicated that the
3’ ORF protein product was an inhibitor of viral pathogenesis that decreased viral transcription
and replication in culture (2,65,143,204). In a complementary approach, mutation of this region
resulted in a significant increase in viral replication further suggesting an inhibitory role, leading
to the name negative factor, or Nef (72). However, subsequent studies soon after failed to
confirm the alleged negative effects, and a significant amount of evidence has since accumulated
that suggests a strongly positive effect of Nef on viral replication and infectivity
(78,98,123,154,156). Among these studies, three key pieces of evidence have emerged to
support a role for Nef as a critical determinant in AIDS pathogenesis. These are described in

more detail in the next section.

1.3.2 Evidence of a Positive Effect

Primates
Utilizing the SIV rhesus macaque model and molecular clones of SIV containing either wild-

type or mutated nef sequences, a positive effect of nef on disease progression was documented.
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In these studies, Kestler et al. demonstrated macaques infected with SIV present with an AIDS-
like phenotype that mimics human disease, including key features such as profound CD4+ cell
depletion, opportunistic infections, wasting and early death (120). In contrast, macaques infected
with a nef-deleted strain of SIV demonstrated 1000-fold lower viral loads and, most importantly,
failed to develop disease (121). Multiple studies have since confirmed that the targeted
disruption of the SIV nef gene, in the context of an otherwise intact virus, renders the virus non-
pathogenic in rhesus macaques (52,226,227). Interestingly, mutant clones of SIV carrying a
premature stop codon in the nef gene were shown to have reverted, in vivo, to the wild-type
functional coding sequence (31,121,218). The restoration of both function and viral
pathogenicity indicates a strong selective pressure for maintaining a functional nef gene and

further supports the initial evidence of Nef as a critical factor in disease progression.

Mice

In a model system established by Hanna et al. transgenic (Tg) mice were engineered to express
the entire HIV-1 coding sequence under the control of a hybrid human-mouse CD4 (CD4C)
promoter. This promoter targets the expression of viral genes to cells susceptible to HIV
infection, namely immature CD4+ T cells and cells of the monocyte/macrophages lineage (99).
Analogous to results reported by Kestler et al. (120) using the monkey model, these Tg mice also
developed a severe AIDS-like disease with immunodeficiency, loss of peripheral CD4+ T-
lymphocytes, weight loss, wasting and early death. Confirming the results of the rhesus macaque
model, Hanna et al. revealed that disruption of the nef ORF, in the context of an otherwise intact
virus, also resulted in a non-pathogenic infection in Tg mice (100). Moreover, in a reciprocal

experiment, the same disease phenotype was elicited in Tg mice by expressing only the nef gene,
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thus suggesting that the mouse model provides strong evidence that Nef alone is a major

determinant for HIV-1 pathogenicity.

Humans

In the years following the initial reports describing what would later become known as
HIV/AIDS, a subset of HIV-infected patients were documented as having been asymptomatic for
a period of greater than 10 years—the average time span in which most untreated patients
succumb to AIDS (182). Referred to as long-term non-progressors (LTNPs) and comprising less
than .00003% of seropositive (HIV+) individuals, these patients show no signs of HIV-related
disease or decline in CD4+ T cell counts despite >10 years of documented HIV infection (28).
Interestingly, viruses isolated from some patients with long-term nonprogressive infection were
shown to contain defective forms of Nef (54,124). Numerous reports have since described
viruses recovered from LTNPs that contain deletions or mutations with the nef gene
(74,131,148,206,216). However, recent reports indicate some of the earliest-described LTNPs
are beginning to show signs of disease, suggesting that nef deletions are not completely

protective against the progression of HIV disease (36,87,131).

1.3.3 Nef-Mediated Cell Survival Promotes HIV Propagation

Programmed cell death (apoptosis) has been recognized for many years as a strategy employed
by the host immune system to defend against viruses. Successful viral replication is therefore

dependent on the ability of HIV to evade immune surveillance and circumvent host self-
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destruction. Nef enhances cell survival by specifically blocking or subverting multiple cellular
apoptotic pathways within the infected cell. Specifically, Nef prevents p53-mediated apoptosis
through direct interactions with this tumor suppressor protein, thereby resulting in its
destabilization and subsequent degradation (90). Subsequent studies also showed Nef blocks
Bad-mediated mitochondrial apoptotic signaling (223). Induced upon HIV infection, Bad is a
pro-apoptotic member of the Bcl-2 protein family comprised of pro- and anti-apoptotic
heterodimers (92). Phosphorylation of the Bad protein, initiated via Nef-mediated activation of
phosphatidylinositol 3-kinase (PI3K) and the Nef-associated kinase, PAK, results in its inhibition
and consequently an increase in anti-apoptotic signaling (223). Nef also induces a survival
signal through the Erk/MAPK pathway in macrophage lineages, resulting in increased expression
of the anti-apoptotic factor Bel-Xp (34). In T cells, Nef binds and inhibits apoptosis signal
regulatory kinase (ASK1), a key intermediate of both the CD95/CD95L (Fas/FasL) and the
tumor necrosis factor-alpha (TNF-alpha) pro-apoptotic pathways (75).

In order to promote adequate viral replication, Nef also enhances host survival by
protecting the infected cell from external factors through multiple cellular mechanisms. Nef
induces upregulation of the death factor FasL on the surface of the infected cell (230). FasL then
binds to Fas (CD95) receptors prevalent on nearby immune cells, including HIV-specific
cytotoxic T cells (CTL), and induces their apoptosis (157). In the absence of an apoptotic
induction, activated CD8+ T cells (CTL) bind infected cells expressing viral antigen presented
on major histocompatibility complex (MHC-I) receptors, inducing apoptotic signaling via the
targeted release of lytic granules and/or the induction of the Fas/FasL pathway, as described
above. However, HIV-1 infected cells are protected against CTL-mediated targeting, a

phenomenon dependent on the presence of the Nef protein (40). Further, a 40% reduction in
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surface expression of MHC-I was found to render CEM-ES cells less susceptible to recognition
and subsequent killing by CTLs (189). Although the protective effects of Nef-mediated MHC-I
downregulation is clear, the precise mechanism and host interactions required to elicit and
maintain a protective response remains controversial. In a series of experiments, Nef promoted
only retrograde transport of MHC-I molecules, via a PACS-1 and PI3K dependent pathway,
away from the cell surface and to the trans-Golgi network (21,194). Contrary to previous reports,
work by Collins et al. suggests that Nef-mediated MHC-I downregulation is based on the ability
of Nef to target newly synthesized MHC-I from the TGN to lysosomes, a process independent of
PI3K but rather dependent on interactions with the pl subunit of adaptor protein (AP-1)
(179,220). Disputing the latter evidence, Hung et al. note that many T cell lines, including those
used in the previous study, lack a functional PIP; phosphatase (PTEN), resulting in the inability
to constitute the Nef/PACS-1/PI3K pathway required for the removal of MHC-I from the cell
surface (111). Despite the uncertainty of specific Nef-host cell interactions required for MHC
downregulation, further support for a Nef-mediated protective effect was provided by
comparison of MHC-I levels of HIV+ individuals with varying CTL responses. Data obtained
revealed the MHC-I downregulatory function of Nef was directly proportional to the breadth of
CTL response (138). However, the downregulation of MHC-I is not the only strategy elicited by
the HIV-1 Nef protein to ensure host survival.

Nef also promotes the downregulation of CD4, a cell surface transmembrane
glycoprotein expressed on the surface of helper and regulatory T lymphocytes, thymocytes and
macrophage/monocyte lineage cells. Loss of CD4 surface expression is a highly conserved
attribute of Nef, as observed in natural isolates of both HIV and SIV Nef proteins (9,19,73,149).

As the primary cellular receptor for HIV and SIV, Nef downregulates CD4 by directly binding
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and linking it to both the AP-2 sorting protein and the COP-1 lysosomal targeting protein
(18,55,84,164). Indeed, numerous assays support the formation of Nef-CD4 complexes with
endocytic machinery via direct interactions (95,105,171,181). Specifically, the N-terminal region
proximal to the core of Nef (residues 57-59) binds to the dileucine motif located in the
cytoplasmic tail of CD4 (4,95). Once internalized, CD4 molecules accumulate in early
endosomes until they are subsequently degraded in late/acidic compartments (4,195). Failure to
adequately lower CD4 surface expression during the course of HIV infection may induce
proapoptotic signals delivered through CD4, trigger the inhibition of viral transcription, or even
elicit an HIV-specific immune response (117,128). Nef-induced removal of CD4 from the cell
surface, perhaps most importantly, ensures survival by preventing the detrimental cytopathic
effects of superinfection by other HIV virions (19,32). Furthermore, the protective effect of Nef
via CD4 downmodulation augments viral replication. As CD4 binds the HIV Env receptor
gp120, removal of CD4 from the surface of an infected cell prevents the sequestering of budding
progeny virus thus increasing viral egress and HIV replication (23,168,180). Cell lines
engineered to overexpress a modified CD4 receptor resistant to Nef-mediated downregulation
show reduced support of HIV replication, further demonstrating the importance of CD4
downregulation (41,150). Additionally, the targeted degradation of CD4 by Nef enhances viral
infectivity by altering the composition of newly formed virions, increasing the availability and

incorporation of Env protein receptors required for host-entry (129,180).
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1.3.4 Nef Optimizes the Cellular Host Environment for Replication

In addition to enhancing survival of the infected cell, Nef optimizes the host cellular
environment to promote adequate viral replication and infectivity. To this end, a large and
growing number of studies suggest Nef manipulates multiple signaling pathways, inducing a
series of biochemical events ultimately resulting in cellular activation. Activation promotes gene
expression within the host cell, increasing the availability of essential host cell factors utilized by
HIV for highly efficient viral replication. Thus, as more virus particles are being produced and
released, viral infectivity is accordingly increased. As a requirement for efficient viral replication
within the host cell (232), increased activation of T cells has been shown to be predictive of
disease progression (107). As such, Nef plays a role in lowering the threshold for T cell
activation, which may promote viral integration and the initiation of early transcription
(191,225). The implication of Nef-associated cellular activation to promote viral production is
further supported by Nef-mediated upregulation of IL-2 and subsequent autocrine stimulation,
both hallmarks of T cell activation (177). Accordingly, expression of HIV/SIV Nef in infected T
cells derived from macaques stimulated IL-2 production, resulting in an 8-100 fold enhancement
in viral replication (6). These results were further recapitulated in an oncogenic T cell line,
demonstrating Nef induces a cellular gene expression profile remarkably similar to the activation
profile induced by TCR engagement in anti-CD3 signaling (200). Nef also induces the activation
of nuclear factor of activated T cell (NFAT), a key transcriptional mediator of IL-2 gene
expression, via a TCR-independent, ionositol triphosphate receptor (IP3R1) dependent,
calcium/calcineurin-mediated pathway (146). Nef further supports T cell activation by

stimulating the cellular ERK/MAPK pathway, a key mediator of both T cell activation and HIV
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function (190,191). Taken together, Nef-mediated T cell activation is regulated via numerous

signaling pathways and multiple host factors essential for propelling HIV infection.

1.3.5 Nef Enhances Viral Infectivity

The importance of the nef gene for AIDS pathogenesis is highlighted by the observations in
animal models and the long-term non-progressor cohort of HIV-infected individuals, as
described above (see section 1.3.2). Viral infectivity is further augmented by Nef, as evidenced
by severe replication deficiencies in macrophages and primary blood lymphocytes infected with
Nef-mutated virions (154). Single-round infection assays demonstrated Nef-deleted viruses are
less infectious than wild-type Nef+ viruses (35,154,202). Further, Nef+ viruses productively
infected 5-20 fold more cells compared to an equivalent titer of Nef-deleted HIV (88,160)
Subsequent studies revealed the low infectivity of Nef-deleted viral particles can be
complemented via expression of Nef in trans during virus production whereas no effect was seen
resulting from ectopic expression in target cells (5,193). Additionally, Nef does not improve viral
infectivity by either enhancing the fusion of HIV virions or affecting the stability or structure of
the viral core or matrix proteins (29,56,67,161,205). Instead, Nef may mediate the infectivity of
new viruses in part by altering the composition of the cell membrane at the site of virion binding.
Recent studies suggest interactions between Nef and cytoskeleton-associated proteins induce
reorganization of the cortical actin barrier, a dense network of actin filaments located directly
beneath the plasma membrane known to impede the entry of intracellular pathogens (29,141).
Nef-mediated cytoskeletal rearrangement thus eases the post-fusion movement of the HIV
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genome into the cytoplasm resulting in an increase in viral infectivity. More specifically, Nef-
directed reorganization of actin filaments was observed to enhance viral replication through the
binding and subsequent activation of Vav, a guanine nucleotide exchange factor for Rho-family
GTPases linked to F-actin reorganization (61). The mechanism of Nef effects on viral infectivity
may also involve its ability to optimize the composition of the cell membrane at the site of virion
budding. Nef stimulates additional cholesterol synthesis in the host cell and selectively directs its
intracellular distribution to detergent-resistant membranes (DRMs), also known as lipid rafts, the
preferred site of HIV budding and release (158,233). The selective transport of cholesterol to the
plasma membrane in Nef expressing cells correlated with increased virion infectivity and Nef

incorporation into viral particles (233).
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2.0 HYPOTHESIS & SPECIFIC AIMS

2.1 HYPOTHESIS

HIV-1 Nef is a small myristoylated protein capable of interaction with a diverse array of host cell
signaling molecules. While previous biochemical and structural studies have suggested that Nef
may form homodimers and possibly even higher order oligomers in HIV-infected cells, the
significance of oligomerization for Nef function and its role in HIV pathogenesis is largely
unknown. Using a novel fluorescence-based approach, I demonstrated for the first time that Nef
forms oligomers in live cells. Moreover, our laboratory reported previously that enforced
oligomerization greatly enhanced Nef-induced Hck activation in vivo (231). Based on the
observed results, I became curious as to the significance of a unique structure-function
relationship in Nef-mediated disease progression. I therefore hypothesized that Nef
oligomerization is a critical and conserved function of all Nef alleles, which, if disrupted,

may prevent the known effects of Nef in HIV pathogenesis.

To address this hypothesis I have set forth three aims: (1) to identify residues within the
dimeric Nef core that are required for oligomerization in vivo; (2) to investigate whether Nef
oligomerization is required for (a) the downregulation of CD4 and CXCR4 receptors and (b)

HIV replication; (3) to test whether oligomerization is a general property of HIV-1 Nef alleles.
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2.2 SPECIFIC AIMS

Aim 1: Identify residues within the dimeric Nef core that are required for oligomerization

in vivo.

Previous biochemical and structural studies strongly suggest that Nef may form homodimers and
higher order oligomers in HIV-infected cells. These studies suggest multiple homologous points
of contact are essential for maintaining the dimerization interface. Using site-directed
mutagenesis and a novel live-cell assay for protein-protein interaction known as Bimolecular
Fluorescence Complementation (BiFC; see below for details), I examined the stability of the
oligomerization interface and identified residues critical for oligomerization. Developing the
BiFC assay further, I was able to confirm the formation of oligomers within key subcellular
locations previously shown to be critical for Nef function as well as in multiple cell lines under

conditions relevant to HIV infection.

Aim 2: Test the hypothesis that Nef oligomerization is required for CD4/CXCR4 down-

regulation, and HIV replication.

In perhaps the best-characterized function of Nef, the removal of CD4 from the surface of
infected cells is essential for host survival and viral propagation. However, the requirement of
Nef oligomerization for receptor downregulation is largely unknown. To address this aim, I
generated stable cell lines expressing oligomerization-defective Nef mutants from Aim 1 in order

to examine cell-surface expression of CD4 and the CXCR4 co-receptor via FACS analysis.
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Moreover, an SH3 binding assay was used to investigate the correct folding of the Nef core of
select mutants observed to be oligomerization defective. To investigate the importance of Nef
oligomerization for HIV-1 replication, I used the U§7MG-CD4/CXCR4 cell line as a host for the

replication assay, in which a functional nef gene is required for efficient HIV replication.

Aim 3: Test the hypothesis that oligomerization is a general property of HIV-1 Nef alleles.

Most of the work from our laboratory has focused on a single allele of Nef (SF2), both in terms
of Hck activation and oligomerization. However, many other HIV-1 Nef subtypes exist
(subgroups A-K), each containing unique Nef sequences. Experiments completed in this Aim,
therefore, addressed the generality of oligomerization by a group of Nef alleles representative of
all major HIV-1 subgroups. To address whether oligomerization is a general property of HIV
alleles, representatives of M (major)-group HIV-1 Nef alleles were tested via BiFC. In light of
the function data obtained in Aim 2, demonstrating that oligomerization is a common structural
feature of a wide range of active Nef isolates, helped to validate the Nef oligomerization

interface as a new target for drug development in the fight against HIV/AIDS.
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3.0 CHARACTERIZATION OF THE HIV-1 NEF OLIGOMERIZATION
INTERFACE IN VIVO THROUGH BIMOLECULAR FLUORESCENCE

COMPLEMENTATION

3.1 SUMMARY

HIV-1 Nef is a small myristoylated protein capable of interaction with a diverse array of host cell
signaling molecules. Previous biochemical and structural studies have suggested that Nef may
form homodimers and higher order oligomers in HIV-infected cells, which may be required for
both immune and viral receptor down-regulation as well as viral replication. Using a
bimolecular fluorescence complementation (BiFC) assay, we provide the first direct evidence for
Nef oligomers in multiple cell lines, including 293T epithelial, SupT1 T-lymphoma, and U87MG
astroglioma cells. The Nef oligomers localized to the plasma membrane as well as the trans-
Golgi network, two subcellular localizations essential for Nef function. Mutation of the N-
terminal myristoylation signal sequence resulted in predominantly cytoplasmic fluorescence,
suggesting Nef oligomerization is independent of membrane localization. Moreover, BiFC
analysis of Nef alleles from multiple HIV-1 subtypes strongly suggests that oligomerization is a
highly conserved property of Nef. Using the BiFC assay, we also probed the Nef dimerization

interface defined by the X-ray crystal structure using site-directed mutagenesis. Single residue
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substitutions within the hydrophobic interface (Y115D, L112A) reduced but did not abolish the
Nef BiFC signal. However, substitution of all hydrophobic interface residues (Ile-109, Leu-112,
Tyr-115, Phe-121) with Asp completely abolished BiFC. Similarly, disruption of an
intermolecular ionic interaction flanking the hydrophobic interface also abolished BiFC. Taken
together, these results suggest that the interface previously defined by the crystal structure is

important for Nef oligomerization in vivo.

3.2 INTRODUCTION

HIV-1 Nef is a small myristoylated HIV accessory protein essential for AIDS pathogenesis.
Highly conserved among primate lentiviruses, Nef is a critical determinant of both high-titer
viral replication and AIDS progression (121). In a transgenic mouse model, expression of Nef
alone was sufficient to induce profound immunodeficiency and CD4+ T-cell depletion,
identifying this accessory protein as a key determinant of HIV pathogenesis (22,100).
Conversely, HIV strains with defective nef alleles have also been isolated from patients with
long-term, non-progressive HIV infection, further implicating Nef as a critical virulence factor
for AIDS (54,124).

Nef serves as an adaptor protein, and multiple sequence motifs have been previously
identified that are critical for altering numerous cellular activation and signaling pathways

(53,69). While regions within the flexible amino-terminal arm and central loop have been well
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characterized (5,12,76,133), the biological relevance of the structured core has not been fully
investigated, especially in terms of its role in homo-oligomeric Nef interactions. Structural
studies from several groups indicate multiple contact points of highly conserved amino acids
between Nef molecules (13,133). The principal homologous contacts are established by residues
R105, 1109, L112, Y115, F121, and D123 within the aB helices of the Nef core (numbering
based on the crystal coordinates of Lee et al., 1996) (Figure 8). These residues comprise a
hydrophobic interface (residues 1109 through F121) flanked by pairs of electrostatic interactions
(residues R105 and D123). All of these residues are highly conserved among HIV-1 isolates,
strongly suggesting an essential function for oligomerization in vivo. Indeed, mutation of the
highly conserved residue D123 not only disrupted dimerization in vitro, but also Nef-mediated
interactions with various cellular proteins (139,220), although the impact of this mutation on Nef
oligomerization in HIV target cells is currently unknown.

Although a functional nef gene product has been identified in HIV-1/HIV-2 (and SIV)
subtypes, a wide genetic variation exists within these multiple alleles. Based on full-length viral
genome sequencing there are currently three designated HIV-1 groups: M (main), O (outlier) and
N (non M or O). Eight HIV-2 groups have also been identified (172). The most widespread of
all HIV groupings, nine HIV-1 subtypes (clades) have been identified within the M group and
are designated A, B, C, D, F, G, H, J and K (163,178). The HIV-1 M group also distinguishes the
prevalence of infection on a global scale. Whereas subtype B is found primarily in North and
South America and Europe, subtypes A, C, D and E are most common in the developing world.
Perhaps the most widely characterized and most often used lab strains, SF2 and NL4-3 are both
derivations of subtype B. To date, all biochemical approaches employed to examine Nef

oligomerization have been done so with regards to only SF2 or NL4-3. Therefore, demonstrating
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the commonality of oligomerization might suggest a strong selective pressure exists across
multiple subtypes that Nef must preserve for its function.

In this study, we provide direct evidence in support of oligomerization and identify
residues critical for maintaining this interaction. Further, we demonstrate oligomerization is a
highly conserved property of Nef subtypes. Using a unique fluorescence-based approach known
as bimolecular fluorescence complementation (BiFC) (231), we identified the structural
requirements for Nef oligomerization and the subcellular localization within HIV host cells. We
found that Nef oligomerization in vivo is highly sensitive to mutations targeting the hydrophobic
and ion pair residues within the interface predicted by the crystal structure, but is independent of
both membrane association and the highly conserved protein-protein interaction motif, PxxPxR.
BiFC analysis also revealed that Nef oligomers localize to the plasma membrane as well as the
trans-Golgi network, subcellular sites essential for Nef function (21,111). Further, we found that
Nef oligomerization was highly conserved across multiple HIV subtypes (Al through K). Taken
together, our findings are in accordance with previous structural and cellular localization studies

of Nef, confirming the formation of Nef oligomers in live cells.
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Figure 8. Crystal Structure of the Nef Dimerization Interface

Two views of the crystal structure of the dimeric Nef core. (A) The oligomerization interface with the aB helix
highlighted in gold. The boxed region at the bottom indicates the orientation of the enlarged oligomerization
interface later targeted for mutagenesis shown in B. Close-up views of the dimer interface formed by the aB helix,
showing key (B) hydrophobic residues and (C) the reciprocal ionic interactions between Asp 123 and Arg 105.

These models were produced using the X-ray crystal coordinates of Lee, et al. (PDB 1EFN) (133).
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3.3 RESULTS

3.3.1 Detection of Nef Oligomers in vivo

In previous work, we provided evidence for Nef oligomerization in live cells using the
fluorescence imaging technique known as bimolecular fluorescence complementation (BiFC)
(231). For these experiments, two expression vectors were created by fusing non-fluorescent N-
terminal (YNj_s4) or C-terminal (YCjs4.233) fragments of YFP to the C-terminus of Nef (SF2
allele). The YFP fragments were fused to the C-terminal end of Nef in order to preserve the
native N-terminal myristoylation signal sequence. Direct Nef-Nef interactions then brings the
two non-fluorescent complementary fragments within close proximity, reconstituting a
functional YFP structure, as schematically represented in Figure 9. Co-expression of the Nef-YN
and Nef-YC fragments in 293T cells results in a strong fluorescent signal as detected by confocal
microscopy (Figure 10, top right). In contrast, the Nef-YN and Nef-YC fragments alone
produced no YFP fluorescence, despite strong expression of these Nef fusion proteins as

assessed by immunofluorescent staining with Nef antibodies (Figure 10).
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Nef-YC BiFC

Figure 9. Bimolecular Fluorescence Complementation

[lustration of the BiFC principle. Non-fluorescent fragments of YFP (YN and YC) are fused to interacting proteins
(Nef in this case). When the Nef-YN and Nef-YC fusion proteins are co-expressed in the same cell, Nef:Nef
interaction brings the YFP fragments into close proximity, resulting in functional complementation and

fluorescence.

To establish that the BiFC signals observed were dependent upon Nef oligomerization,
control BiFC expression plasmids were generated using glutathione S-transferase (GST). GST
was chosen as it does not interact with Nef, yet is a dimeric protein in its own right and can serve
as an internal positive control. GST-based BIFC expression vectors were thus paired with the
complementary Nef-BiFC counterparts (e.g. GST-YN + Nef-YC and GST-YC + Nef-YN) and
co-expressed in 293T cells. As shown in Figure 10 (top row, middle columns), co-expression of
the GST and Nef BiFC pairs did not produce a detectable BiFC signal. In contrast, co-expression

of GST-YN + GST-YC produced a strong BiFC signal consistent with GST dimerization (Figure
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10 top row, outside columns). Protein expression and localization was verified via
immunofluorescent staining with monoclonal antibodies against either Nef or GST (Figure 10
bottom panels). Despite high-level co-expression, the mere presence of the YN and YC
fragments was not sufficient to drive fluorescence complementation. Taken together, these data
support the conclusion that the Nef BiFC signal is strictly dependent upon Nef homo-
oligomerization in vivo. [Note: While the BiFC assay indicates the formation of dimeric
complexes, it does not indicate the possible formation of higher-order oligomeric complexes (see
section 5.1.1). Therefore, Nef oligomerization will be used to refer to the potential formation of
undetected multimeric Nef complexes in vivo, while Nef dimerization will refer specifically to

the interface defined by the crystal structure].
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Figure 10. Nef Oligomerization Drives BiFC in 293T Cells

BiFC expression constructs were created for HIV-1 Nef (Nef-YN and Nef-YC) as well as for GST as a control
(GST-YN and GST-YC) as described under Experimental Procedures. All four possible combinations of fusion
proteins were co-expressed in 293T cells, and BiFC was assessed by confocal microscopy (BiFC; green; top row).
Protein expression was assessed by immunostaining with anti-Nef (second row; red) and anti-GST (blue; third row)

antibodies. A merged image is shown in the bottom row.
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We next expanded our study of Nef oligomerization using cell lines that support HIV
replication, including the U87MG astroglioma and SupT1 T-lymphoblast cell lines. However,
unlike the 293T cells previously used in the experiments described above, these cell lines did not
tolerate the ~3 hour incubation at room temperature required to promote maturation of the YFP
fluorophore. To overcome this problem, we used the newly described GFP variant, Venus,
which yields a BiFC signal without a requirement for room temperature incubation (197). The
Nef coding sequence was therefore fused to Venus N- and C-terminal fragments analogous to
those used for the YFP fusions, and the resulting Nef-VN and Nef-VC BiFC partners were
introduced into each of these cell lines using retroviral vectors. BiFC signals were readily
observed in each case (Figure 11), demonstrating that Nef oligomerizes in a wide variety of host
cell environments and supports the conclusion that oligomerization is an intrinsic property of

Nef.

Nef-BiFC Nef-BiFC Nef-BiFC

Figure 11. Demonstration of Nef Oligomerization in Multiple Cell Lines
US87MG and SupT1 cells, both of which support HIV-1 replication, were co-infected with Nef-YN and Nef-YC
retroviruses and examined for BiFC by fluorescence microscopy. 293T cells co-transfected with Nef-YN and Nef-

YC expression constructs were included as a positive control.
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3.3.2 Subcellular Localization of Nef Oligomers

Nef is targeted to cellular membranes via post-translational attachment of myristic acid to its N-
terminus through a conserved Met-Gly-X-X-X-Ser/Thr motif (25,77). This finding suggests that
localization to the plasma membrane and clustering in lipid rafts may be required to promote Nef
oligomerization. To test this idea, a point mutation (G2A) was introduced into the Nef
myristoylation signal sequence. BiFC expression vectors were then generated from the resulting
Nef-G2A mutant (G2A-YN + G2A-YC), expressed in 293T cells and assayed for
oligomerization. As shown in Figure 12A, Nef-G2A produced a strong fluorescent BiFC signal,
indicative of oligomerization. However, the G2A mutant displayed exclusively cytoplasmic
fluorescence, and lacked the membrane localization observed with wild-type Nef. These results
show that Nef oligmomerization is independent of membrane localization.

Nef has been shown to bind with high affinity to the SH3 domains of Src-family kinases
and other proteins via its conserved PxxPxR motif (14,93,133). The Nef mutant 2PA, in which
the key proline residues within this motif were replaced with alanines, was used to examine the
requirement for SH3 partner proteins in Nef oligomerization. As shown in Figure 12A,
disruption of the Nef SH3-binding motif had no effect on the BiFC signal or subcellular
localization as compared to wild-type Nef. This finding shows that Nef oligomerization does not
require interactions with other proteins through the PxxPxR motif, despite the presence of the
SH3 domain in the X-ray crystal structures (12,133).

In addition to the plasma membrane, other studies have indicated that Nef also persists in
the cytoplasm and trans-Golgi network (TGN) where it interacts with multiple trafficking and
signaling proteins (166,221). We observed a consistent subpopulation of Nef BiFC-positive cells

with peri-nuclear fluorescence, suggesting that Nef oligomers localize to the TGN. To determine
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if this was the case, cells were counterstained with antibodies to TGN-46, a marker for this
subcellular compartment. As shown in Figure 12B, strong co-localization of the Nef BiFC signal
and TGN-46 staining was observed, indicating that Nef oligomers localize to the TGN in 293T
cells. A similar peri-nuclear Nef-BiFC signal was also observed in US7MG and SupT]1 cells,
suggesting that localization to the TGN is a general characteristic of Nef oligomers and not
specific to a particular cell type (Figure 11). These results suggest that Nef oligomerization may
play a role in assembly of the multi-kinase complex recently linked to Nef-induced

downregulation of MHC-1 (111).
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Wild-type Nef Myristoylation mutant SH3-binding mutant

Nef-BiFC TGN-46

Figure 12. Characterization of Nef Oligomerization by BiFC

Nef oligomerization does not require myristoylation or interaction with SH3-binding proteins. (A) 293T cells were
co-transfected with wild-type Nef-YN and Nef-YC expression constructs, with constructs bearing a Gly to Ala
substitution in the N-terminal myristoylation signal sequence, or Ala for Pro substitutions in the SH3-binding motif,
PxxPxR. BiFC was analyzed by fluorescence microscopy 48 h later. (B) Nef oligomers localize to the trans-Golgi
network (TGN). 293T cells co-expressing Nef-YN and Nef-YC were stained with antibodies to the TGN marker,
TGN-46, and a secondary antibody conjugated to Texas red. The merged image shows co-localization of the

perinuclear BiFC signal and the TGN marker (arrows).

One of the principal advantages of using BiFC is the ability to observe the formation and
localization of oligomeric complexes in live cells. To ensure that the fusion of the YFP

fragments (-YN and —YC) did not alter or produce an artificial subcellular localization, the
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expression and distribution of Nef within 293T cells transfected with unfused wild-type Nef
were confirmed via Nef-directed immunofluorescence. As shown in Figure 13, despite fusion of
YFP to the C-terminus of Nef, similar staining patterns were observed (localizing to the plasma
membrane, TGN and cytoplasm) suggesting BiFC accurately depicts the localization of Nef and

Nef dimers within 293T cells.

Nef-BiFC Unfused Nef

Figure 13. BiFC Fragments Do Not Interfere with Nef Trafficking
293T cells expressing either complementing wild-type Nef BiFC fusion constructs or unfused wild-type Nef. Nef

expression as monitored via BiFC (green) or by direct immunofluorescence using the Nef mAb Hyb6.2 (red).
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3.3.3 Efficiency of Nef Oligomerization

As a prelude to mutagenesis of the Nef oligomerization interface, we next examined the
efficiency with which Nef oligomerization can be detected using the BiFC approach. For this
study, Nef expression levels were detected within the same Nef-BiFC cell population using
indirect immunofluorescence (IF) with a Nef-specific antibody. This approach permitted a direct
correlation between the number of cells expressing Nef (IF) and the number of cells in which
Nef oligomerization had occurred (BiFC). As shown in Figure 14, detection of Nef
oligomerization using BiFC is highly efficient, with a positive BiFC signal present in virtually
every cell positive for Nef expression by IF. Localization of Nef oligomers to the plasma
membrane and the TGN was also consistently observed. Taken together, these data demonstrate
that BiFC provides a highly efficient method to detect Nef oligomerization in cells, and provides
an excellent model system to probe the dimer interface by site-directed mutagenesis as described

in the next section.
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BiFC

Figure 14. Efficiency of Nef Oligomerization

Nef-YN and Nef-YC were co-expressed in 293T cells. Forty-eight hours later, cells were fixed and stained with a
monoclonal antibody to the Nef protein and a secondary antibody Texas-red conjugate. A strong BiFC signal
(green) was observed in virtually all cells found to express Nef by immunofluorescence (IF; red). Both the Nef

BiFC and IF signals exhibit the same subcellular localization pattern (Merge).

3.3.4 Mutagenesis of the Nef Dimerization Interface

Previous structural studies indicate that multiple contact points of highly conserved amino acids
define the Nef dimerization interface (133). These contacts are principally established between
the aB helices, forming a hydrophobic core (residues 1190 through F121) flanked on either end
by ion pairs (residues R105 and D123) as depicted in Figure 8. Inspection of the Nef crystal
structure suggests that disruption of either the hydrophobic core or ion pairs may interfere with
Nef oligomerization in vivo. To test this idea, hydrophobic and ionic interactions that form the

interface were systematically disrupted by site-directed mutagenesis and the effects of the
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mutations on oligomerization assayed via BiFC. In order to scan the hydrophobic interface
(Figure 8B), changes were introduced with single (L112A, FI121A, L112D, Y115D), double
(L112D/Y115D) or quadruple (I109D/L112D/Y115D/F121D) mutations. Similar single and
double mutations were created in the ion pairs flanking the hydrophobic core (D123A, D123N,
D123V, R105E, and R105E/R106E; Figure 8C). The Nef mutants were transfected as pair-wise
BiFC constructs into 293T cells and then counterstained with the anti-Nef antibody to verify
expression. The transfected cell populations were then imaged for oligomerization (BiFC) and
Nef expression (IF) and the BiFC:IF ratio was calculated using the Metamorph software
package. A complete set of representative images are presented in Figures 15, 16 and 17, and the
results of the image analysis are summarized in Table 2. Single amino acid changes designed to
disrupt hydrophobic interactions within the helical dimer interface significantly reduced but did
not abolish the Nef BiFC signal. However, substitution of all four hydrophobic interface residues
(Ile-109, Leu-112, Tyr-115, Phe-121) with aspartate (Nef-4D mutant) completely abolished
BiFC, demonstrating that an intact hydrophobic interface is essential for oligomerization in vivo.
Similarly, disruption of the intermolecular ionic interaction between Asp-123 and Arg-105 by
substitution of Asp-123 with asparagine completely abolished BiFC, identifying this residue as a
key modulator of oligomerization. However, substitution of Asp-123 with Ala or Val reduced
but did not abolish BiFC, suggesting that these mutants may form destabilized, non-functional

oligomers (see Chapter 4.0).
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Figure 15. Mapping the Nef Oligomerization Interface by BiFC

Site-directed mutagenesis was used to disrupt hydrophobic core residues (1109, L112, Y115, F121; top panels) or
the ion pair (D123-R105; bottom panels) within the Nef oligomerization interface. 293T cells were transfected with
wild-type (WT) Nef-YN and Nef-YC expression vectors, counterstained with anti-Nef antibodies and visualized
with secondary antibodies conjugated to Texas-red. Similarly, representative of the varying degrees of oligomeric
disruption, the Y 115D mutation in the hydrophobic core, or Asp substitutions of all four hydrophobic residues (4D)
are shown. Cells were also transfected with BiFC pairs in which D123 was replaced with either Asn (D123N) or Val

(D123V). BiFC was assessed by fluorescence microscopy 48 h later (green).
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Figure 16. Representative Images of BiFC Results with Hydrophobic Nef Mutants
Nef mutants were expressed as pair-wise BiFC constructs (green) and counterstained with anti-Nef antibodies and
visualized with secondary antibodies conjugated to Texas-Red (red). BiFC images were quantified using

MetaMorph software (Table 2).
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Figure 17. Representative Images of BiFC Results with Ion Pair Nef Mutants

Nef mutants were expressed as pair-wise BiFC constructs (green) and counterstained with anti-Nef antibodies and
visualized with secondary antibodies conjugated to Texas-Red (red). BiFC images were quantified using

MetaMorph software (Table 2).
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Hydrophobic

Ion Pairs

AW4

Nef Mutant % Decrease [100- (BiFC:IF)]
L112A 52.80
FI121A 33.04
L112D 47.55
Y115D 59.13

L112D/Y115D (DD) 86.74
1109D/LL112D/Y115D/F121D (4D) 99.99
D123A 69.60

D123N 97.11

D123V 52.95

R105E 49.94
R105E/R106E (2RE) 71.12

G2A 0.00

2PA 0.00

Table 2. Nef Mutagenesis Summary

3.3.5 Oligomerization is a Highly Conserved Property of Nef Subtypes

In the previous sections, the evaluation of Nef oligomerization has been focused on a single Nef
allele, SF2. However, many other HIV-1 Nef subtypes exist (subgroups A-K), each containing
unique Nef sequences. While the impact of the observed sequence variation on oligomerization
remains to be elucidated, alignment of Nef sequences revealed a region of high conservation
between residues GIn104 and Aspl123. As shown in Table 3 this region contains many of the
conserved residues that establish the principal contacts within the Nef-SF2 dimer. For this
reason, I assessed the generality of oligomerization by a group of Nef alleles representative of all
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major (M-group) HIV-1 subgroups via BiFC. As described previously, the Venus fragments
were fused to the C-terminal end of Nef to preserve the native N-terminal myristoylation signal
sequence. Nefia.x)-VN and Nefax)-VC were expressed in 293T cells, and the resulting
fluorescent images are shown in Figure 18. Remarkably, all Nef subtypes showed strong
fluorescence, with notable localization to the cell periphery, trans-Golgi network (TGN) and
cytoplasm. As an internal control, the subtype B mutant chosen was neither SF2 nor NL4-3 (both
classified as B subtypes), yet displayed virtually identical fluorescence as compared to previous
BiFC experiments. Taken together, these results provide the first direct evidence of Nef

oligomerization in vivo across a broadly representative group of HIV subtypes.
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PxxP R05

EEVGFPVRPEVPLRPMTYKGALDLSHFLKEKGGLDGLIYSRRRQ
EEVGFPVRPQVPLR&MTYKGAVDLSHFLKEKGGLDGLIYS@RRQ
EEVGFPVRPOEPLRPMTYKGANMDLSEFLKEKGGLBGLIYSKKRQ
—SEVGFPVRPQVPVRPMTYKAAEDLS FLKEKGGLBGLIYSKKRQ
EEVGFPVRPQVPLRPMTYKAWVDLS FLEEKGGL&GLIYSKKRQ
DIVGFPVRPQVPLRPMTFKGAEDL FLKEKGGLBGLIYSKRRQ

——EVGFPVRPQVPLRPMTYKGAVDLSHFLKEKGGLEGLIHS@KRQ
SITNIADCAWLEAQEEREBDEVGEFPVRPOVPLRPMTYKEARDLSHELKEKGGLEGLTIIWSKKRO
S TNIANCAWLEAQEESEFFEVGEPVRPOQVPLRPMTYKEAVDL SHELKEKGGLEGLIWSKKRQ
I TNPDIRAWLEAQEEEGERVGEFPVRPOQVPVRPMTYKAAMDLSHEFLKEKGGLEGLIY SKKR§
NTNIRDIRAWLEAQEEGRFEVGEFPVRPOQVPLRPMTYKAARDLSHELKEKGGLEGLIYSRKRQ
NTNPDWYAWLEAQEERGFFEVGEPVRPOQVPLRPMTYKAARDLSHELKEKGGLDGLIYSKKRQ

I109L112Y115 F121D123

EILDLWEYHTQGYFPDWONYTPGPGIRYPLTFGWCFKLVPVEPIMYVEEANEGENNELLHP
TQGYFPDWONYTPGPGHRY PLTFGWCFKLVPVDPREVEQANEGENNSLLHP
TQGYFPDWONYTPGPGRREPLTFGWCFKLVPVDPEEVEEAREGENNSLLHP
TQGYFPDWONYTPGPGIRYPLTFGWCEKLVPVDPEEVEEANEGENN@LLHP
TQGEFPDWONYTPGPGIRMPLTFGWCIMKLVPVD PR VEEA?ENNLLHP
TQGYFPDWONYTPGPGYREPLTFGWCFKLVPVDPREVEEANNGENNELLHP

EILDLWVYHTQGEFPDWONYTPGPGIRYPLTFGWCEKLVPVDPREVEEANEGENNGLLHP

BILDLWVYHTQGYFPDWONYTPGPGIREPLTFGWCFKLYPVEPIMEVEEANEGENN@LLHP

EILDLWVYNTOGHFPDWONYTPGPGIRY PLTFGWCEBLVPVDPOEVEERINEGERNELLEP

EILDLWVYNTOGMFPDWONYTPGPGIRYPLTFGWCF@LVPVDPOEVEEANEREDNGLLHP

DELDLWVYHTQGYFPDWQNYTPGPGIRYPLT!GWCFKLVPVDPEEVEKANEGENNCLLHP
EILDLWVYHTOGYFPDWONYTPGPGEREPLTFGWCEFKLVPVDPIREVEIMANEGENN@LLHP

Table 3. Alignment of HIV-1 Nef Subtypes Amino Acid Sequences

The HIV-1 Nef sequences shown below are broadly representative of the major non-recombinant HIV-1 subtypes A
through K. The Nef subtype reference alignment was obtained from the NIH HIV Sequence Database
(http://hiv-web.lanl.gov/content/index); The alignment also includes SF2 Nef (highlighted in yellow; top), which we
have studied extensively in terms of Hck activation and oligomerization, as well as ELI Nef (green) which fails to
activate Hck. The SF2 allele will be included as controls in all experiments. Hydrophobic (1109, L112, Y115 and
F121) and charged residues (R105 and D123) that contribute to the dimer interface in the crystal structure are
highlighted in blue and red, respectively.
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Figure 18. Oligomerization is Conserved Across Nef Subtypes

293T cells expressing Venus-BiFC constructs for each representative HIV-1 Nef subtype (A-K) were examined for

oligomerization. Fluorescence was observed in every case indicating the formation of Nef oligomers.

3.4  DISCUSSION

In this study, we used BiFC of Nef-YFP constructs to identify the structural features of Nef
essential for oligomerization in live cells. Using this approach, we identified critical residues
present in the X-ray crystal structure of the Nef dimerization interface as essential for
maintaining this interaction. Further, we identified the subcellular locations of Nef oligomers.
The commonality of Nef oligomerization was also demonstrated using a panel of Nef alleles
broadly representative of all M-group (main) subtypes.

In the first part of this study, we confirmed that fluorescence complementation was
dependent upon Nef:Nef interaction, and not driven by the YFP fragments themselves. This was

accomplished by fusing the non-fluorescent YFP fragments to the GST protein, which is itself a
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native dimer but does not interact with Nef (33). Importantly, BiFC was not observed when these
control GST BiFC fusion proteins were co-expressed with complementary Nef BiFC partners
(e.g., Nef-YN + GST-YC and Nef-YC + GST-YN). The control GST BiFC fusion proteins also
served as an internal control for the assay, as co-expression of GST-YN with GST-YC resulted
in a strong BiFC signal. The subcellular localization of the GST and Nef oligomers, as reported
by BiFC, were also quite distinct, with GST dimers localizing to the cytoplasm and Nef
oligomers localizing to the plasma membrane and TGN. These findings demonstrate that BiFC
accurately reflects the subcellular localization of Nef oligomers within the cellular environment,
consistent with recent reports that applied this technique to study of other oligomeric proteins
(24,91,112,155).

Our observation that Nef forms oligomers in multiple cell lines, all of which support HIV
replication (U87MG and SupT1), suggests that oligomerization is a general property of the HIV
accessory protein. However, the efficiency of the BiFC assay for the detection of Nef oligomers
varied among the cell lines. In 293T cells, which can be transfected with high efficiency and
express relatively high levels of the Nef BiFC fusion proteins, both the efficiency and strength of
the BiFC signals were quite high (Figure 14). This observation made the use of 293T cells ideal
for analyzing the dimerization interface mutants. However, Nef BiFC was reduced in US7MG
and SupT1 cells with respect to both efficiency and signal intensity relative to 293T cells. This
difference was most likely due to the requirement for co-infection of these cell lines with
recombinant BiFC retroviruses from which Nef-YN and Nef-YC expression is driven by a
weaker promoter. Nevertheless, Nef-BiFC signals were readily observed in these cell lines
despite the lower levels of expression, indicating that oligomerization is an inherent attribute of

Nef independent of the cell type.
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The BiFC assay provided a means for the analysis of Nef oligomerization in live cells,
allowing us to examine the structural requirements for Nef oligomerization. Previous studies
have clearly shown the significance of membrane localization for Nef function (20,76,151).
These findings led us to examine if membrane localization was required for oligomerization,
possibly due to Nef protein clustering in lipid rafts (215). However, we observed that a
myristoylation-defective mutant of Nef produced a diffuse cytoplasmic BiFC signal, indicating
that membrane attachment is not required for the formation of Nef oligomers. These findings are
consist with previous studies of Arold et al., who demonstrated that a purified recombinant Nef
core domain formed homo-dimers in vitro (13).

Nef is known to interact with multiple binding partners in HIV infected cells, suggesting
that binding of host cell proteins may influence Nef oligomerization in vivo. The highly
conserved PxxPxR motif is well known to mediate Nef interactions with partners proteins that
have SH3 domains, including Src-family kinases and guanine nucleotide exchange factors, as
well as other signaling proteins (39,61,76,174,183,187). However, mutation of the the essential
prolines in this motif (Nef-2PA) did not diminish the BiFC signal nor did it influence the
subcellular localization of Nef. This observation suggests that interactions with other factors, at
least through the PxxPxR motif, are not essential for Nef oligomerization. This finding is
consistent with the observation that the Nef SH3-binding motif is spatially separated from the
dimerization interface in the crystal structure (Figure 8A)

In addition to providing information on protein-protein interaction in cells, BiFC also
reports on the subcellular localization of the oligomers. Our experiments revealed consistent
localization of Nef BiFC signals to the plasma membrane and perinuclear region in all three cell

types examined. The peri-nuclear localization of the Nef oligomers was coincident with
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immunofluorsecent staining for the TGN marker protein, TGN-46 (Figure 3C). These
observations are consistent with previous studies showing that localization of Nef to the TGN is
essential for MHC downregulation (111,166), and suggests that Nef oligomerization may be
essential for MHC downregulation as well. Indeed, previous work by Liu et al. shows that
mutation of Asp 123, shown here to completely quench the Nef-BiFC signal (Figure 15),
interferes with Nef-induced MHC downregulation (139).

Previous structural studies have identified residues within the Nef core that define a
dimerization interface in vitro (133). Highly conserved among isolates of both HIV and SIV
Nef, these residues contribute to dimerization through a combination of hydrophobic and
electrostatic interactions. Using the BiFC assay and site-directed mutagenesis, we show for the
first time that the dimerization interface defined by crystallography is indeed essential for Nef
oligomerization in cells. Both an intact hydrophobic core and the flanking ionic interactions are
essential for maintaining Nef oligomerization and function in vivo. A complete loss of the Nef-
BiFC signal was observed when the four key residues that form the hydrophobic core were
replaced with charged residues (Nef-4D) or when Asp 123, which ion pairs with Arg 105, was
replaced with Asn. Interestingly, replacement of Asp 123 with the nonpolar residues Val or Ala
reduced but did not abolish BiFC, suggesting that these mutants still retained the capacity to
oligomerize. Thus, Nef Asp-123 may be a major regulator not only of oligomerization but
perhaps also of the overall conformation of Nef.

To date, all of the work performed by our laboratory, with respect to Nef oligomerization,
has involved the allele, SF2. However, the degree of genetic variation among HIV subtypes
suggests that Nef oligomerization may not be conserved. Therefore, in order to assess the

commonality of oligomerization, Nef alleles broadly representative of all major subtypes were

74



assayed via BiFC. Remarkably, despite known sequence variations, all of the subtypes were
BiFC positive, a result indicative of oligomerization. Alignment of Nef sequences revealed a
region of high conservation between residues GIn104 and Asp123 (Table 3). Interestingly, this
region comprises the oligomerization interface suggested by biochemical and structural studies
and includes the conserved hydrophobic (1109, L112, Y115 and F121) and ionic (R105 and
D123) residues shown to impact oligomerization of Nef-SF2 (Figure 8 and Table 3). Taken
together, this suggests the contacts established within the interface defined by the crystal
structure as indeed vital for oligomerization in vivo. In addition, this finding suggests that the
greater sequence variation observed both N- and C-terminal to the structure core of Nef, as well
as within the internal flexible loop, does not impact the oligomerization of Nef in vivo. In
summary, our findings of Nef oligomerization across multiple subtypes (Figure 18) and cell lines

(Figure 11) strongly advocates oligomerization is a common attribute of all active Nef isolates.

75



3.5 EXPERIMENTAL PROCEDURES

3.5.1 Cell Culture and Reagents

The cell lines used in this study were obtained from the ATCC and include 293T, US7MG, and
SupT1. All cells were maintained at 37 °C in a humidified incubator with a 5% CO, atmosphere.
293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) in 5% fetal bovine
serum (FBS; Atlanta Biological) and treated with antibiotic-antimycotic (Invitrogen). U87MG
cells were cultured in DMEM supplemented with 25 mM HEPES, 10% FBS and 50 pg/mL
gentamycin (Invitrogen). U87MG-CD4/CXCR4 cells (generous gift of Dr. Toshiaki Kodama,
University of Pittsburgh School of Medicine) were cultured in DMEM supplemented with 25
mM HEPES, 10% FBS, 300 ug/mL G418 and 0.5 pg/mL puromycin. SupT1 cells were cultured
in RPMI 1640 medium (Invitrogen) supplemented with 10% FBS and antibiotic-antimycotic.
293T cells were transfected using standard calcium phosphate techniques as described elsewhere

(26).

3.5.2 Bimolecular Fluorescence Complementation Expression Vectors

Two Nef-BiFC expression vectors were created in which the N-terminal coding sequence of YFP
(residues Val2-Alal54) was PCR-amplified from the plasmid vector pEYFP-C1 (Clontech) and
ligated into the mammalian expression vector pcDNA3.1(-) (Invitrogen) containing Nef via a
unique Acc III restriction site found in close proximity to the Nef C-terminal coding region. A

similar approach was used to fuse the C-terminal coding region for YFP (residues Alal54-
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Lys238) to Nef. In both instances, C-terminal fusions were used to preserve the native N-
terminal myristoylation signal sequence of Nef. The resulting N- and C-terminal Nef-YFP
fusions used for BiFC are referred to as Nef-YN and Nef-YC, respectively. Mutagenesis of the
N-terminal myristoylation signal sequence, the conserved PxxPxR SH3-binding motif, and the
Nef dimerization interface were performed using either the QuikChange II site-directed
mutagenesis kit (Stratagene) or using standard PCR-based techniques.

For the Venus-based BiFC expression vectors, PCR was used to amplify the Venus N-
terminal coding sequence for residues Val2-Aspl73 and the C-terminal coding region for
Alal54-Lys238. The resulting N- and C-terminal Venus coding regions were fused to Nef in
pcDNA3.1(-) as described above for the YFP BiFC constructs, and are referred to as Nef-VN
and Nef-VC. The Venus template was a kind gift of Dr. Atsushi Miyawaki, RIKEN Brain
Science Institute, Saitama, Japan.

To create the control BiFC-GST fusion constructs, the identical N- and C-terminal coding
sequences of YFP were PCR-amplified as described above and subcloned into pcDNA3.1(+)
(Invitrogen) via unique Nhel/HindIII restriction sites. Two sequential repeats of the coding
sequence for the HA epitope tag (YPYDVPDYA) were added to the C-terminus of the BiFC
fragments thus generating YN-HA-HA and YC-HA-HA fusions, respectively. The coding
sequence of GST was then PCR-amplified from pGEX-2T (GE Life Sciences) and ligated in-
frame with YN and YC coding regions to generate pcDNA3.1(+)YN-GST-HA-HA and
pcDNA3.1(+)YC-GST-HA-HA fusion plasmids. Protein expression was verified via monoclonal

antibodies raised against either Nef or GST as described below.
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3.5.3 Immunoflourescence Microscopy and Fluorescence Imaging

The antibodies used for immunofluorescence experiments include anti-Nef (NIH AIDS Research
& Reference Reagent Program; mAb Hyb 6.2; 1:500), anti-GST (Santa Cruz Biotechnology; sc-
459; 1:1000), and anti-human trans-Golgi network (Serotec; TGN46; 1:500). Transfected 293T
cells were grown on coverslips and fixed with 4% paraformaldehyde in PBS for 10 min. Cells
were washed with PBS, treated with 0.2% Triton X-100 in PBS for 15 min, and washed again
with PBS. Cells were then blocked with PBS containing 2% BSA for 30 min and incubated for
45 min at room temperature with the primary antibodies diluted as described above, followed by
additional washing with PBS. Immunostained cells were then visualized with secondary
antibodies conjugated to Cy3/Cy5 (Chemicon; 1:1000) or Texas Red (Southern Biotech; 1:750).
BiFC and immunofluorescent images were recorded using a Nikon TE300 inverted microscope
with epifluorescence capability and a SPOT cooled CCD high-resolution digital camera and
software (Diagnostic Instruments). Confocal multi-color images (YFP, Cy3, Cy5) were obtained
using a Zeiss Meta 510 confocal microscope at the Center for Biological Imaging (CBI) at the
University of Pittsburgh School of Medicine.

To quantify the effects of mutations on BiFC, same culture fluorescent cell images (both
IF and BiFC) were quantitatively analyzed using the Metamorph software suite (Molecular
Devices). In order to remove any background, lower threshold fluorescence intensities for all
BiFC images were standardized using BiFC control plasmids (above), as per protocol (108)

(http://people.pharmacy.purdue.edu/~cdhu/protocols.html). Upper threshold fluorescence intensities were

then standardized to wildtype Nef-BIFC and the corresponding IF image such that the final
output was based on total threshold area and staining intensity at individual pixel levels. Mutant

Nef-BiFC levels were then measured relative to the standards established above.
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3.5.4 Recombinant Retroviruses for BiFC Assay

Retroviral expression vectors were used to generate high-titer retroviral stocks in 293T cells by
cotransfection with an amphotropic packaging vector as described elsewhere (231). Nef-Venus
fusion constructs were subcloned into the retroviral expression vector pPSRaMSVtkneo, which
carries a G418 resistance marker to enforce expression of Nef-BiFC proteins by antibiotic
selection. Retroviral stocks were supplemented with Polybrene (Sigma) to 4 pg/mL and added to
U87MG and SupT1 cells in 6-well plates (2.5 x 10° cells/well). The plates were centrifuged at
1000g for 4 h at 18 °C to enhance infection efficiency. Because the BiFC system requires the co-
expression of two Nef fusion proteins (Nef-VN and Nef-VC), cells were super-infected with the
second retrovirus 24 h later. Cultures were screened for BiFC 72 h later and images recorded

using a Nikon TE300 inverted microscope as described above.

3.5.5 Nef Subtypes and BiFC Expression Vectors

For the Venus-based BiFC fragment expression vectors, PCR was used to amplify the Venus N-
terminal coding sequence for residues Val2-Aspl73 and the C-terminal coding region for
Alal54-Lys238. Each of VN and VC fragment 5’ forward primers contained a unique BamHI
restriction site upstream of Val2 or Alal54, respectively. The resulting N- and C-terminal Venus
coding regions were cloned into pcDNA3.1(-) via BamHI/HindIII sites and are referred to as
pcDNA3.1(-)VN and pcDNA3.1(-)VC. Nef genes were synthesized such that silent mutations

were introduced (DNA2.0 Menlo Park, CA) within the coding regions of all Nef subtypes (A1,
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A2, B, C, F1, F2, G, H, J, K) in order to maintain single restriction sites. Specifically, EcoRI and
BamHI sites were introduced directly upstream of both the start and stop codons. To generate
BiFC fusion constructs, each Nef subtypes was then inserted, in-frame, with the parent pcDNA-

based Venus fragment vectors via EcoRI/BamHI.

3.6 FOOTNOTES

*This work was supported by NIH Grants AI057083 and CA081398 as well as the Pittsburgh
AIDS Research Training (PART) Grant NIH/NIAID T32 AI065380. A kind thanks to Dr.
Atsushi Miyawaki, RIKEN Brain Science Institute, Saitama, Japan for providing the Venus
template; Dr. Huihui Ye for generating some of the Nef mutants; Dr. Jonathan Shaffer for
generating the GST-BiFC control plasmid used in this study and Dr. Simon Watkins and the
Center for Biological Imagining at the University of Pittsburgh School of Medicine for their help

with confocal imaging.
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4.0  HIV-1 NEF OLIGOMERIZATION IS ESSENTIAL FOR CD4

DOWNREGULATION AND VIRAL REPLICATION

4.1 SUMMARY

HIV-1 Nef is a small myristoylated protein capable of interaction with a diverse array of host cell
signaling molecules. Previous biochemical and structural studies have suggested that Nef may
form homodimers and higher order oligomers in HIV-infected cells, which may be required for
both immune and viral receptor down-regulation as well as viral replication. In Chapter 3, I
demonstrated Nef oligomerization in multiple cell lines that support HIV replication and across
numerous HIV-1 subtypes using bimolecular fluorescence complementation (BiFC). Using
BiFC, I was also able to identify residues critical for Nef oligomerization in live cells. In this
Chapter, I examine the functional consequences of oligomeric disruption within the context of
Nef-induced receptor downregulation, interactions with the host cell binding partner Hck, and
Nef-dependent HIV replication. Interestingly, despite varying effects on oligomerization, all of
these mutants were shown to dramatically disrupt Nef-induced CD4 down-regulation via FACS
analysis. Despite varying degrees of oligomeric disruption, all Nef mutants tested bound the Hck

SH3 domain to the same extent as wild-type Nef. Finally, and in all cases, disruption of Nef
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oligomerization significantly impaired HIV replication to levels comparable to that of cells
infected with HIV that fails to express Nef. Taken together, these results suggest that while
multiple residues contribute to Nef oligomerization in live cells, the formation of functional Nef
oligomers is very sensitive to any modifications within the dimer interface. This observation
provides the first evidence that oligomerization is critical for both Nef-mediated downregulation
of CD4 and enhancement of HIV replication and identifies the Nef oligomerization interface as a

potential target for anti-retroviral drug design.

4.2 INTRODUCTION

HIV-1 Nef is a small oligomeric protein capable of interacting with a diverse array of host cell
signaling molecules and is an essential factor in AIDS progression (59,76). The importance of
Nef in the maintenance of high viral loads and subsequent development of AIDS-like disease has
been well established in both rhesus monkeys and transgenic mice (100,101,121). Interestingly,
HIV strains with defective nef alleles have been isolated from long-term survivors of HIV
infection (54,124). Although these and other studies implicate Nef as a major factor of disease
progression, the molecular mechanism of Nef action in HIV replication and disease progression
has not been fully elucidated.

Despite the lack of catalytic activity, the Nef protein influences numerous signaling
pathways within the infected host cell. Nef enhances viral replication and disease progression by

altering the threshold of T-cell activation (6,59,200); mediating transcriptional and cellular
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activation (17,100,113,183); enhancing virion infectivity (3,35,154,195) and allowing escape of
infected cells from immune surveillance through downregulation of cell surface MHC-I
molecules (21,164,165). Perhaps the most widely characterized function of Nef is its ability to
drastically reduce the steady state level of CD4 from the cell surface (9,19,73,149). The rapid
downregulation of CD4 prevents viral superinfection while also enabling viral particle release by
preventing the sequestration of viral progeny (129,180). Removal of CD4 from the cell surface
may also contribute to the production of infectious HIV-1 particles (10,144). Indeed, HIV
replicates poorly in cell lines engineered to overexpress CD4 molecules that are insensitive to
Nef-mediated downregulation (41,150).

Nef serves as an adaptor protein, and multiple sequence motifs have been identified that
are critical for altering the cellular activation and signaling pathways described above [reviewed
by (53,69)]. While regions within the flexible amino-terminal arm and central loops of Nef have
been well characterized (5,12,76,133), the biological relevance of the structured core, especially
in terms of its role in oligomerization, has yet to be fully investigated. Previous work from our
laboratory has shown that enforced Nef dimerization significantly enhanced the activation of the
Src-family kinase and Nef partner protein Hck in a Rat-2 fibroblast transformation assay,
providing important evidence that homotypic Nef:Nef interactions are critical to the regulation of
downstream signaling (231). As defined by the crystal structure, the dimerization interface is
comprised by residues forming a hydrophobic interface (residues 1109 through F121) flanked by
pairs of electrostatic interactions (formed by residues R105 and D123) (described in section
1.2.4, Figure 7). All of these residues are highly conserved among HIV-1 Nef isolates, strongly
suggesting an essential function for oligomerization in vivo. Indeed, mutation of the highly

conserved residue D123 has been shown to affect Nef-induced kinase activation and receptor
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downregulation (139,220), although the impact of this mutation on Nef oligomerization in HIV
target cells is currently unknown.

In this study, we provide direct evidence in support of oligomerization as a critical
determinant of multiple Nef functions. Recently, we demonstrated for the first time that Nef
forms oligomers in live cells using a novel fluorescence-based approach known as bimolecular
fluorescence complementation (BiFC) (231). Using this assay, we identified critical residues in
the Nef dimerization interface essential for oligomerization in vivo (Chapter 3). Here we used
these mutants to examine the requirements of oligomerization for Nef-mediated function ranging
from the well-characterized downregulation of CD4, the high affinity engagement of the Hck
SH3 domain, to overall HIV replication. Partial or complete disruption of the oligomerization
interface by mutagenesis completely prevented Nef-induced CD4 downregulation in every case,
suggesting that a precise conformation of the Nef oligomer is required for this essential Nef
function. Despite the introduction of single or multiple point mutations within the dimerization
interface, all of the Nef mutants tested bound the Hck SH3 domain to the same extent as wild-
type Nef, suggesting that mutations in the Nef oligomerization interface do not influence the
overall fold of the Nef core. Furthermore, disruption of Nef oligomerization significantly
impaired HIV replication to levels comparable to that of cells infected with HIV that fails to
express Nef. This observation provides the first evidence that oligomerization is critical to Nef-
dependent enhancement of HIV replication and identifies the Nef oligomerization interface as a

potential target for anti-retroviral drug design.
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43  RESULTS

4.3.1 An Intact Oligomerization Interface is Required for Nef-induced CD4

Downregulation

The rapid removal of CD4, the primary receptor for HIV, is arguably the most extensively
studied property of Nef. CD4 downregulation from the cell surface prevents superinfection (19)
and enhances viral replication (45,144). Based on previous observations that some Nef residues
critical for CD4 downregulation are located outside of the dimerization interface defined by the
Nef crystal structure (139), we explored the requirement for Nef oligomerization in CD4
downmodulation using our panel of BiFC-defective mutants (described in the section 3.3.4). The
T-lymphoblast cell line, SupT1 was infected with recombinant retroviruses carrying wild-type or
oligomerization-defective Nef mutants, and cell-surface CD4 levels were assessed via flow
cytometry. As shown in Figure 19A, SupTl cells expressing wild-type Nef strongly
downregulated CD4 relative to the uninfected control cell population. In contrast, cells
expressing the BiFC-negative (oligomerization-defective) Nef mutants 4D and DI123N
completely failed to downregulate CD4 from the cell surface. Surprisingly, all mutations of the
oligomerization interface completely prevented Nef-induced CD4 downregulation, despite
partial oligomerization of these Nef mutants as judged by BiFC (Figure 19B and Table 2). These
data provide the first direct correlation between Nef oligomerization in cells and CD4
downregulation, and suggests that a highly specific oligomeric conformation of Nef is required

to induce CD4 downregulation. Expression of wild-type and mutant Nef protein expression in
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the transduced SupT1 population was verified via immunoblotting (Figure 19C). Equivalent
levels of Nef expression were observed, with the exception of the Nef-4D mutant which was
somewhat reduced. Expression of the 4D mutant was previously and consistently verified in
cells via immunofluorescent staining (section 3.3.4, Figure 15) as well as purified for in vitro
studies (see below, section 4.3.2) suggesting this difference is most likely due to disruption of the
epitope for antibody recognition, which partially overlaps with the site of these mutations.

The Nef-G2A mutant served as a control for the extent of Nef-induced CD4
downregulation, as previous studies have established that myristoylation and membrane targeting
are essential for this Nef function (20). As shown in Figure 19B, the reduction of CD4
downregulation by the oligomerization-defective Nef mutants was comparable to that observed
with Nef-G2A despite membrane localization of all Nef mutants as confirmed by IF staining.
These results demonstrate that localization to the plasma membrane alone is insufficient for this
Nef function, and implicate oligomerization as a critical property of Nef required for the removal

of CD4 from the surface of HIV-infected cells.
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Figure 19. Nef Oligomerization is Required for CD4 Downregulation

(A) SupTl cells (green) were infected with a wild-type Nef (purple) retrovirus or with retroviruses carrying the
oligomerization-defective Nef mutants 4D (red) and D123N (blue). Cell populations were selected with G418, and
cell surface levels of CD4 were assessed by flow cytometry as described under Experimental Procedures. (B) Cell-
surface expression of CD4 was determined by flow cytometry in SupT1 cells expressing myristoylation-defective
Nef (G2A), wild-type Nef (WT), and the Nef dimerization interface mutants Y115D, 4D, D123A, D123N, D123V,
and 2RE. Data are expressed as percent downregulation relative to cell-surface CD4 levels observed in uninfected
control cells (data as mean +_SD; n=3). (C) Expression of wild-type and mutant forms of Nef was confirmed in the

SupT1 cell populations by immunoblotting of cell lysates with anti-Nef antibodies. Actin blots were also performed

as loading controls.

87



4.3.2 Mutations within the Oligomerization Interface do not Affect Engagement of the

Hck SH3 Domain

In order to ensure that the loss of CD4 downregulation was not due to misfolding of the Nef core
as a result of the mutations, an SH3 domain-binding assay was used to assess the functional
activities of several of the oligomerization-defective mutants. Engagement of Nef by the SH3
domain of the Src-family kinase Hck requires not only an intact PxxPxR motif, but also is
dependent upon the proper three-dimensional fold of the Nef core region which creates a binding
pocket for the RT loop of the SH3 domain (33,132). Indeed, SH3 binding by a polypeptide
encompassing only the Nef PxxPxR motif was more than 300-fold weaker in comparison to the
Nef core protein (132). To determine the binding activity of the Hck SH3 domain towards the
Nef mutants, recombinant immobilized GST-SH3 fusion proteins were incubated with purified
recombinant wild-type and mutant Nef proteins containing an N-terminal hexa-histidine tag. A
WO93A mutant of the Hck SH3 domain served as a negative control for nonspecific binding as it
was previously shown to prevent SH3 function (106,192). As shown in Figure 20, all of the
oligomerization-defective Nef mutants tested bound the Hck SH3 domain to the same extent as
wild-type Nef, suggesting that mutations in the Nef oligomerization interface do not influence

the overall fold of the Nef core. No binding was observed with the SH3 W93 A mutant.
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Figure 20. Mutations within the Oligomerization Interface do not Prevent Binding of the Hck SH3 Domain

An SH3 domain-binding assay was used to assess the functional activities of several of the oligomerization-
defective mutants. (A) Crystal structure of the Hck SH3 domain (green) bound to Nef (blue) via interaction with the
PxxPxR motif and hydrophobic pocket. Side chains of conserved Nef pocket residues that interact with the SH3
domain RT loop are shown (F90, W113, Y120). (B) Recombinant immobilized GST-SH3 fusion proteins were
incubated with purified recombinant wild-type and mutant His-tagged Nef proteins. All of the oligomerization-
defective Nef mutants tested bound the Hck SH3 domain to the same extent as wild-type Nef. A W93 A mutant of

the Hck SH3 domain served as a negative control for nonspecific binding.
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4.3.3 Nef Oligomerization is Required for High Titer HIV Replication

Results presented in the previous section demonstrate that Nef oligomerization is required for
CD4 downregulation. Because removal of CD4 from the host cell surface is critical for optimal
HIV replication and pathogenesis (79,144), we next investigated the requirement for Nef
oligomerization in HIV replication. For these experiments, each of the Nef mutants evaluated for
oligomerization in the BiFC assay were introduced into the Nef coding region of the HIVnr43
provirus. The resulting NL43/SF2 hybrid contains a 188 bp region of SF2, a segment that
encompasses the entire dimerization interface, with minimal perturbation to the NL4-3 amino
composition (Table 4). BiFC was then used to confirm that introduction of this SF2-derived
segment did not alter oligomerization, as compared to wild-type Nef-NL43. Two expression
vectors were generated for each Nef construct and complementary Venus fragments (Nefnpa3/sr2-
VN + Nefnrazsra-VC) were co-expressed in 293T cells and examined for complementation. As
shown in Figure 21A, strong and virtually identical BiFC fluorescence was observed with both
the wild-type NL43 and NL43/SF2 hybrid Nef proteins, supporting the formation of Nef
oligomers in each case. To confirm that the NL43/SF2 hybrid did not affect HIV production or
replication, 293T cells were transfected with wild-type NL4-3 and NL4-3/SF2 hybrid proviral
plasmids. Viral supernatants were collected 48 hour post-transfection, amplified in SupT1 cells
and viral titers determined by p24 ELISA. US7MG cells were then infected with equivalent viral
titers and the extent of Nef-dependent viral replication monitored by p24 ELISA 3-5 days post-
infection, as described in detail below. As shown in Figure 21B, the formation of syncytia, a
phenotype indicative of HIV replication was readily observed relative to the HIVnp43 provirus in

SupT1 cells. Moreover, both Nef proviruses exhibited comparable levels of p24 production
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(Figure 21C), further supporting the use of the hybrid HIVNr43sp2 provirus in our replication

assays.

NL43
NL43/SF2

NL43
NL43/SF2

NL43
NL43/SF2

NL43
NL43/SF2

NL43
NL43/SF2

MGGKWSKSSVIGWPAVRERMRRAEPAADGVGAVSRDLEKHGAIT
MGGKWSKSSVIGWPAVRERMRRAEPAADGVGAVSRDLEKHGAIT

SSNTAANNAACAWLEAQEEEEVGFPVTPQVPLRPMTYKAAVDLSH
SSNTAANNAACAWLEAQEEEEVGFPVTPQVPLRPMTYKAALDISH

FLKEKGGLEGLIHSQRRQDILDLWIYHTQGYFPDWQNYTPGPGVR
FLKEKGGLEGLIWSQRRQEILDLWIYHTQGYFPDWQNYTPGPGIR

YPLTFGWCYKLVPVEPDKVEEANKGENTSLLHPVSLHGMDDPERE
YPLTFGWCYKLVPVEPDKVEEANKGENTSLLHPVSLHGMDDPERE

VLEWRFDSRLAFHHVARELHPEYFKNC
VLEWRFDSRLAFHHVARELHPEYFKNC

Table 4. Amino Acid Alignment of Nef-NL43 and NL43/SF2

A 188 bp region of Nef-SF2 was inserted in-frame with NL43 (highlighted). Comparison of the amino acid

sequence of Nef NL43 and the NL43/SF2 hybrid reveals a minimal perturbation (red) to the NL43 sequence within

this region. The inserted segment encompasses the region containing all of the individual residues previously

targeted for mutagenesis in SF2 with respect to oligomerization (underlined). Note that this region is completely

conserved between the NL4-3 and SF2 Nef sequences.
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Figure 21. Oligomerization and Replication of Nef-NL43/SF2

The Nef NL43/SF2 hybrid was assayed for oligomerization and viral replication relative to wild-type NL43. (A)
BiFC fusion plasmids were generated for NL43 and NL43/SF2 and expressed in 293T cells. A positive BiFC signal
was observed in both cases, with fluorescence localizing to the plasma membrane and TGN. (B) SupT1 cells were
infected with equivalent viral titers generated via expression of each provirus in 293T cells. Syncytia formation
was equally observed 3-5 days post-infections (arrows) and (C) the extent of Nef-dependent viral replication in

U87MG-CD4/CXCR4 cells monitored by p24 ELISA 3-5 days post-infection.
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Viral replication was then investigated for each of the oligomerization-defective Nef
mutants using the astroglioma cell line U87MG, which has been modified to express CD4 and
the co-receptor CXCR4. U87MG cells have been used to investigate co-receptor requirements
for HIV replication in several previous studies (83,184,208). These cells also provide a useful in
vitro system for analysis of Nef-dependent HIV replication, as deletion of Nef from the virus
reduces replication by more than 80% (Figure 22).

As described above, the corresponding 188 bp segment of each of the dimerization
domain Nef mutants was then used to replace the analogous region in the NL4-3 provirus. The
complete coding sequence of each recombinant Nef mutant was then confirmed within the
proviral sequence, prior to the initiation of viral production in 293T cells, as described above.
US7MG-CXCR4/CD4 cells were then infected with equivalent titers of wild-type or mutant Nef
viruses, and the extent of viral replication was monitored by p24 ELISA 3-5 days later. As
shown in Figure 22, disruption of the Nef oligomerization interface substantially reduced HIV
replication in every case, with an observed 75-85% decrease of replication relative to the wild-
type virus. Moreover, replication of HIV carrying the oligomerization-defective Nef mutants was
reduced to an equivalent extent as the virus lacking Nef (ANef). Taken together, these data show
for the first time that a wild-type Nef dimerization interface is a structural feature critical for HIV

replication.
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Figure 22. Nef Oligomerization is Required for HIV Replication
U87MG-CD4/CXCR4 cells were infected with equivalent titers of wild-type Nef, ANef and the dimerization
interface mutants L112A, Y115D, 4D, D123A, D123N, D123V and 2RE. Viral replication was monitored 3-5 days

post-infection by quantification of p24“* levels in culture lysates by ELISA.

4.4  DISCUSSION

In this study, we examined the functional consequences of oligomeric disruption on Nef-
mediated CD4 downregulation and viral replication. Previous structural studies have identified
residues within the Nef core that define a dimerization interface in vitro (133). Highly conserved
among isolates of both HIV and SIV Nef, these residues contribute to dimerization through a

combination of hydrophobic and electrostatic interactions. Using the BiFC assay, these
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interactions were shown in Chapter 3 as essential for maintaining Nef oligomerization,
suggesting a similar requirement may be essential for function in vivo. Using these
oligomerization-defective Nef mutants, we demonstrate that Nef oligomerization as essential for
both CD4 downregulation and Nef-dependent HIV-1 replication. Most unexpected were the
profound effects of Nef dimerization interface mutations on HIV replication, identifying this
structural feature of Nef as an unexplored target for anti-retroviral therapy.

Defining regions of Nef critical for the induction of CD4 downregulation have been the
subject of previous studies and coincidently involved mutagenesis of residues near or within the
dimerization interface defined by the X-ray crystal structures (95,139). Results presented here
demonstrate a direct correlation between residues critical for CD4 downregulation and those
essential for oligomerization in vivo. Without exception, our data reveals that all mutations
within the dimerization interface that reduce or abolish oligomerization in cells also interfered
with Nef-induced CD4 downmodulation. Notably, the complete loss of oligomerization
previously observed when the four key residues that form the hydrophobic core were replaced
with charged residues (Nef-4D) or when Asp 123, which ion pairs with Arg 105, was replaced
with Asn, resulted in a complete loss of this Nef-mediated function. Interestingly, replacement
of Asp 123 with the nonpolar residues Val or Ala reduced but did not abolish dimerization as
judged by BiFC, suggesting that these mutants still retained the capacity to oligomerize, albeit
with severe functional consequences in terms of CD4 downregulation (see Table 2). Thus, Nef
Asp-123 may be a major regulator not only of oligomerization but also of the overall
conformation essential for Nef function. Our observation that oligomerization was disrupted to

varying degrees in our panel of Nef mutants yet CD4 downregulation was completely lost
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suggests that full inhibition of Nef oligomerization is not required to induce a loss of this Nef
function.

The loss of Nef-mediated CD4 downregulation in all Nef mutants whether exhibiting
partial or complete oligomeric disruption suggested mutations within the oligomerization
interface might disturb the proper tertiary structure required for function. Therefore, an SH3
domain-binding assay was used to assess the binding activity of the Hck SH3 domain towards
the Nef mutants. A representative group of Nef mutants was chosen to assess the effects of
altering the hydrophobic or electrostatic interactions within the oligomerization interface on the
overall Nef fold. Although several Nef mutants possess mutations within the hydrophobic
interface (L112A, FI121A, L112D, YI115D, DD), the quadruple Nef mutant 4D
(IT109D/L112D/Y115D/F121D) was chosen as it not only includes all of the single residue
mutations but was also predicted to have the greatest effect on folding. Further, Nef mutants
contributing to the ion pairs within the dimerization interface were represented by mutants
DI123A, D123N, D123V. The varying degrees of oligomeric disruption previously observed
(Table 2), suggested the D123 residue was a major contributor to the overall confirmation and
may produce non-functional dimers. Despite the presence of these mutations, each of these
recombinant Nef proteins retained the ability to interact with the SH3 domain (Figure 20). As
binding of the SH3 domain is dependent upon the proper three-dimensional fold of the Nef core
region, retention of Nef:SH3 interaction by these mutants suggests that mutations in the Nef
oligomerization interface do not influence the overall folding of Nef.

In a final series of experiments, we examined the impact of oligomeric interference on
HIV replication. Our data demonstrate for the first time that Nef oligomerization is essential for

active viral replication in cell culture. In conjunction with the loss of CD4 downregulation,
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comparable loss of replication between viruses that fail to express Nef (HIVnra3aner) and those
expressing each of the oligomerization-defective Nef mutants, suggest that Nef oligomerization
is essential for HIV replication, at least in the U§7MG system where viral replication in Nef-
dependent. Interestingly, a functional link between Nef-induced CD4 downregulation and HIV
replication has been reported (45,62,144), suggesting that the observed effects of oligomerization
interface mutations on CD4 and HIV replication may be related. Further, the loss-of-function
phenotypes observed independent of single (L112A, Y115D, D123A, DI123N, D123V) or
multiple (4D and 2RE) point mutations suggest a wild-type Nef conformation is essential to Nef
function.

The results presented here may help to explain the rationale behind the previously
observed loss of function phenotype associated with various Nef mutants. Our data provide the
first cell-based evidence that mutations in the Nef dimerization interface that correlate with the
loss of these Nef functions do indeed affect Nef oligomerization. Our results further support
previous reports that downmodulation of CD4 by Nef may positively impact HIV replication
(79,144). We establish for the first time that disruption of a single target, the Nef dimerization
interface, inhibits multiple functional attributes of Nef. Accordingly, despite the highly stable
core region of Nef, as evidenced via BiFC and SH3 binding assays, the overall impact of modest
oligomeric interference within this region further suggests a highly conserved and attractive

target for antiretroviral therapy.
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4.5 EXPERIMENTAL PROCEDURES

4.5.1 Cell Culture and Reagents

The cell lines used in this study were obtained from the ATCC and include 293T, US7MG, and
SupT1. All cells were maintained at 37 °C in a humidified incubator with a 5% CO, atmosphere.
293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) in 5% fetal bovine
serum (FBS; Atlanta Biological) and treated with antibiotic-antimycotic (Invitrogen). U87MG
cells were cultured in DMEM supplemented with 25 mM HEPES, 10% FBS and 50 pg/mL
gentamycin (Invitrogen). U87MG-CD4/CXCR4 cells (generous gift of Dr. Toshiaki Kodama,
University of Pittsburgh School of Medicine) were cultured in DMEM supplemented with 25
mM HEPES, 10% FBS, 300 ug/mL G418 and 0.5 pg/mL puromycin. SupT1 cells were cultured
in RPMI 1640 medium (Invitrogen) supplemented with 10% FBS and antibiotic-antimycotic.
293T cells were transfected using either standard calcium phosphate techniques as described

elsewhere (26) or Fugene 6 (Roche).

4.5.2 Retroviral Transduction of Nef Mutants

Nef-mutant constructs were subcloned into the retroviral expression vector pSRaMSVtkneo,
which carries a G418 resistance marker to enforce expression of Nef-mutant proteins by
antibiotic selection. High-titer retroviral stocks were produced in 293T cells by cotransfection

with Nef-encoding retroviral and amphotropic packaging vectors as described elsewhere (231).
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Retroviral stocks were supplemented with Polybrene (Sigma) to 4 pg/mL and added to SupTl
cells in 6-well plates (2.5 x 10° cells/well). The plates were centrifuged at 1000g for 4 h at 18 °C
to enhance infection efficiency. Two days later, cells were resuspended in 5 mL selection media

containing G418 (800 pg/mL). Expression of Nef mutants was verified via immunoblotting.

4.5.3 Immunoblotting

To detect the expression of Nef mutants, cells were lysed in 0.5 mL Hck lysis buffer (S0mmTris-
HCI (pH 7.4), 50mM NaCl, ImM EDTA, 10mM MgCl,, 1% (v/v) Triton X-100) containing 2
mM PMSF, 25 pg/mL leupeptin, 10 pg/mL aprotinin, 25 nM NaF, and 2 mM Na3;VO4 and
incubated on ice for approximately one hour. Lysates were heated in equivalent volumes of SDS-
PAGE sample buffer, resolved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membrane and probed for Nef by immunoblotting with anti-Nef antibodies. Nef antibodies
(monoclonal EHI and Hyb 6.2) were obtained from the NIH AIDS Research and Reference

Reagent Program.

4.5.4 Flow Cytometric Analysis

SupT1 cells were infected with the recombinant retroviruses and selected with G418 (800

pg/mL) for two weeks and Nef protein expression was confirmed by immunoblotting. Cells
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were stained for cell-surface CD4 in FACS medium (2% fetal bovine serum in PBS) containing
an allophycocyanin (APC)-conjugated anti-human CD4 monoclonal antibody (clone RPA-T4;
BD Pharmingen). Cells were analyzed on a FACSCalibur flow cytometer using CellQuest Pro

software (BD Pharmingen).

4.5.5 Expression of GST-SH3 Fusion Proteins and Nef-SH3 Binding Assay

For GST-SH3 fusion protein expression, PCR fragments encoding the SH3 domains of wild-type
and mutant Hck (W93A) were subcloned into the bacterial expression vector pGEX-2T
(Amersham Biosciences). Wild-type and mutant forms of HIV-1 Nef-SF2 were subcloned into
the bacterial expression vector pET14b. GST-SH3 fusion proteins were expressed in E. coli
strain DH5a and immobilized on GSH-agarose beads as described elsewhere (192). Nef
proteins were expressed in BL21(DE3)pLysS cells via N-terminal His-tags as described (207).
Equimolar amounts of Nef (2pug) and immobilized GST-SH3 proteins were incubated in 500 puL
incubation buffer (2% BSA+ 50mmTris-HCI (pH 7.4), 50 mM NaCl, 1 mM EDTA, 10 mM
MgCly, 1% (v/v) Triton X-100) and rotated at 4°C for 2 hours. Nef-SH3 complexes were
pelleted by centrifugation, washed extensively in RIPA buffer (5S0mmTris-HCI (pH 7.4), 150
mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% SDS and 1% sodium deoxycholate) and

resolved by 12% SDS-PAGE and complexes detected by immunoblotting.
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4.5.6 Bimolecular Fluorescence Complementation Expression Vectors

The coding sequence for Nef was excised from the NL4-3 provirus (in pUCI18) and subcloned
into pGL3-Basic (Promega) via the unique restriction sites BamHI/Ncol. A 188 bp
Bsu36I/EcoRV fragment was cut from the coding region of wild-type and mutant forms of Nef
used in the BiFC experiments (SF2 strain) and subcloned into the pGL3-Basic/Nef vector to
generate hybrid NL4-3/SF2 Nef alleles. The coding regions of these Nef hybrids were then
amplified by PCR and subcloned cloned into pcDNA3.1(-) for construction of BiFC fusion
plasmids. Two Nef-BiFC expression vectors were created in which the N-terminal coding
sequence of the YFP-variant Venus (residues Val2-Aspl73) was PCR-amplified from the
plasmid vector pCS2-Venus and ligated into the mammalian expression vector pcDNA3.1(-)
(Invitrogen) containing Nef via a unique Acc III restriction site found in close proximity to the
Nef C-terminal coding region. A similar approach was used to fuse the C-terminal coding region
for Venus (residues Alal54-Lys238) to Nef. In both instances, C-terminal fusions were used to
preserve the native N-terminal myristoylation signal sequence of Nef. The Venus template was a

kind gift of Dr. Atsushi Miyawaki, RIKEN Brain Science Institute, Saitama, Japan.

4.5.7 Generation of Mutant Proviruses and HIV Replication Assays

To create Nef mutant proviruses, the coding regions of the Nef-NL4-3/SF2 hybrid (see section
4.5.7) was subcloned back into the NL4-3 provirus via BamHI/Ncol. The sequence of the

mutant nef alleles as well as flanking regions was confirmed within the context of the proviral
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DNA. The wild-type HIV-1n14.3 and HIV-1nefNL4-3/sF2 proviral constructs were then transfected
into 293T cells using FuGENE6 (Roche) using the manufacturer’s protocol and viral
supernatants collected 48 h post-transfection. SupT1 cells (5 x 10°) were infected with 200 uL
viral supernatant, and incubated for 2 h at 37 °C. Infected cells were washed with serum-free
RPMI and centrifuged at 1500 x g for 4 min at room temperature and resuspended in 6 mL of
RPMI supplemented with 10% FBS. Upon syncytia formation (3-5 days post-infection),
amplified viral supernatants were clarified by centrifugation at 1500 x g for 4 min and viral titers
were determined by p24 ELISA (SAIC-Frederick, Inc). Viral replication was monitored in
US7MG-CD4/CXCR4 cells by infection with a serial dilution of each viral preparation with a
starting titer of 250 ng p24/ml. Replication of Nef oligomerization mutant proviruses was
measured relative to wild-type virus and quantified via p24 ELISA. All ELISA plates were read
on a Multiscan MCC341 Microplate Reader (Finstruments) and analyzed using Spectrosoft

software.

4.5.8 Microscopy and Fluorescence Imaging

The 293T cells used for the Nef-NL4-3/SF2 BiFC studies were imaged 24 to 48 hours post-
transfection, while bright-field images of syncytia formation representative of 72-96 hours post-
infection.  All images were recorded using a Nikon TE300 inverted microscope with
epifluorescence capability and a SPOT cooled CCD high-resolution digital camera and software

(Diagnostic Instruments).
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4.6 FOOTNOTES

*This work was supported by NIH Grants AI057083 and CA081398 as well as the Pittsburgh

AIDS Research Training (PART) Grant NIH/NIAID T32 AI065380.
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5.0 OVERALL DISCUSSION

5.1 SUMMARY OF MAJOR FINDINGS

For this thesis project, I set forth to build upon previous biochemical and structural evidence that
suggested Nef may form oligomers via homotypic interactions in HIV-infected cells. For this
study, I adapted a bimolecular fluorescence complementation (BiFC) assay in which dimeric
protein interactions are observed in live cells by reconstituting a functional YFP (or any GFP
variant) structure (109,110). Using this assay, I provided the first direct evidence for Nef
oligomerization in live cells. I then expanded the study of Nef oligomerization using cell lines
that support HIV replication using the U87MG astroglioma and SupT1 T-lymphoblast cell lines,
in which positive BiFC signals were readily observed. I next demonstrated the generality of
oligomerization (via BiFC) by a group of Nef alleles broadly representative of all major (M-
group) HIV-1 subgroups, A through K. Taken together, these findings provide the first evidence
of Nef oligomerization in a wide variety of host cell environments and support the conclusion
that oligomerization is an intrinsic property of the HIV-1 nef gene product.

One of the principal advantages of the BiFC assay is the ability to observe the formation
of oligomeric complexes within a subcellular context. Previous localization studies have
indicated that Nef is targeted to the cellular membrane via the post-translational attachment of

myristic acid to its N-terminus and also persists in the cytoplasm and trans-Golgi network (TGN)
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(25,77,166,221). Therefore, I introduced a point mutation (G2A) into the Nef myristoylation
signaling motif Met-Gly-X-X-X-Ser/Thr, consequently removing Nef from the plasma
membrane. Nef has also been shown to bind with high affinity to the SH3 domains of Src-family
kinases and other proteins via its conserved PxxPxR motif. Therefore, in a separate experiment, I
also replaced the key proline residues with alanine (2PA) to prevent additional proteins from
influencing or possibly driving Nef-BiFC. Using the BiFC assay, I discovered that Nef
oligomerization is independent of membrane localization and does not require interactions with
other proteins through the PxxPxR motif. In addition to the plasma membrane, I observed a
consistent localization of Nef BiFC signals to the perinuclear region in all three cell types
examined, suggesting Nef oligomers also localize to the TGN. Coincident with
immunofluorescent staining for the TGN marker protein, TGN-46, I discovered Nef oligomers
were present in the TGN, a localization essential for Nef-mediated MHC downregulation
(21,111,166). Thus, the BiFC assay is a useful assay for the both the identification and
localization of protein:protein interactions in vivo.

Previous X-ray crystallographic studies indicate that multiple contact points of highly
conserved amino acids comprise the Nef dimerization interface (12,133). To define directly these
residues in vivo using the BiFC assay, I devised a systematic strategy for the mutagenic profiling
of the oligomerization interface. Coupled with Nef-directed immunofluorescence as positive
control for expression of mutant BiFC pairs, I found that detection of Nef oligomerization using
BiFC is highly efficient, with a positive BiFC signal present in virtually every cell expressing
Nef. Using this approach to screen Nef mutants, I discovered two possible classes of residues
were critical to Nef oligomerization in vivo. First, although changes designed to disrupt

hydrophobic interactions within the helical dimer interface significantly reduced but did not
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abolish the Nef BiFC signal (L112A, L112D, Y115D, F121A and DD), BiFC was completely
abolished once all four key hydrophobic residues were simultaneously removed (Nef-4D).
Secondly, disruption of electrostatic interactions mediated by D123 and R105 via substitution of
Asp-123 with asparagine was sufficient to also abolish BiFC. However, I found that substitution
of Asp-123 with alanine or valine reduced but did not abolish BiFC, suggesting that these
mutants may form destabilized oligomers. Taken together, using the BiFC assay and site-directed
mutagenesis, [ show for the first time that the dimerization interface defined by X-ray
crystallography is indeed essential for Nef oligomerization in cells.

Utilizing the Nef mutants identified in the mutagenic profiling of the oligomerization
interface, I expanded our studies to explore the effects of oligomeric disruption on Nef function.
As perhaps the best characterized and most essential functions of Nef, I explored Nef-mediated
enhancement of CD4 downregulation as well as Nef-dependent replication of HIV. Using Sup
T1 lymphoblasts as a model system, I found that wild-type Nef strongly downmodulated CD4 as
observed in many other HIV host cells. However, SupT1 cells expressing BiFC-negative
(oligomerization-defective) mutants completely failed to downregulate CD4 from the cell
surface. Surprisingly, despite varying effects on oligomerization, all Nef mutants failed to
downregulate CD4, suggesting a highly specific oligomeric conformation of Nef may be
required to induce CD4 downregulation. This is the first report to provide a direct correlation
between Nef oligomerization and the removal of CD4 from the cell surface.

Using a cell line where HIV replication is dependent upon Nef (U87MG astroglioma
cells), I also evaluated the effects of oligomeric disruption on viral replication. Virtually identical
to the results obtained from the CD4 assay, disruption of the Nef oligomerization interface

dramatically reduced HIV replication in every case. Interestingly, a functional link between Nef-
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induced CD4 downregulation and HIV replication has been reported (45,62,144), suggesting that
the observed effects of the oligomerization interface mutants on CD4 and HIV replication shown
here may be related. Evidence for this relationship is supported by the observance that viral
egress is inversely proportional to the surface expression of CD4 (23,168,180). Thus, an increase
in virion dissemination leads to a higher incident of infection and levels of viral replication.
Further, as Nef independently binds both CD4 and the p6 region of GagPol, failure to remove
CD4 from the cell surface may inhibit the latter interaction through competitive inhibition. Nef-
mediated downregulation of CD4 may thus promote Nef:GagPol interactions which is important
for retention of Nef in the virion which facilitates viral budding (42). Moreover, 1 found that
replication of HIV variants carrying oligomerization-defective Nef mutants were reduced to an
equivalent extent as virus that fails to express Nef. Taken together, it is likely that
oligomerization may be essential for other Nef functions during the course of HIV infection,

which will be addressed in future work (section 5.2.1).

5.1.1 Implications of BiFC Assay

Prior to this thesis, and despite numerous biochemical and structural studies (12,13,71,93-
95,133), the oligomeric status of the HIV-1 nef gene product, in vivo, remained unknown. Using
the BiFC assay I was able to demonstrate for the first time that Nef forms at least dimers in live
cells. While the BiFC assay is a powerful tool for the in vivo analysis of protein:protein
interactions (24,91,109,110,112,155), it does not indicate the possible formation of higher-order
oligomeric complexes. However, the very nature of the assay affords the possibility of detecting
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trimeric complexes by coupling BiFC with FRET, as recently described (198). Although the
BiFC-FRET assay presents a unique strategy for the visualization of oligomeric complexes, the
homotypic nature of Nef interactions presents a unique challenge as each BiFC fusion protein is
competing with the expression of its own non-complementing fragment. Interestingly, the
biochemical and structural data supporting the formation of Nef trimerization (13), albeit at
lower frequencies, identifies the same residues that comprise the dimerization interface as
involved in establishing the trimer interface. Therefore, the mutational studies presented here
relative to the dimerization interface are predicted to elicit the same oligomeric disruption of at
least some multimeric Nef complexes.

The partial BiFC signal observed for several Nef mutants (L112A, L112A, Y115D,
F121A, DD, D123A, D123V, RI05E, 2RE) coupled with the loss of function in CD4
downregulation and HIV replication suggests the formation of non-functional dimers. Partial
BiFC responses are somewhat difficult to interpret. One thought is that the mutants cause a
destabilization in the interaction interface, and lower the Kd for Nef:Nef interaction. However,
because YFP is completely stable once reconstituted, this may provide a driving force to “pull”
weakly interacting (and possibly non-functional) dimers together, leading to the low levels of
BiFC fluorescence observed with some of the mutants. Hydrogen exchange/mass spectrometry
may offer clues as to the mechanism of action resulting in the loss of function observed (213).
For these in vitro studies, the pCDFDuet-1 expression system (Novagen) will be used for the
simultaneous expression of the Nef-BiFC proteins. An N-terminally labeled hexa-histidine tag of
one of the BiFC pairings (H6-Nef-YN + Nef-YC) favors the direct purification of Nef dimers.

Comparison of wild-type and oligomeric-defective Nef mutants via hydrogen exchange may be
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useful in determining the dynamic or structural changes within the dimerization interface of non-

functional yet oligomeric Nef mutants.

5.1.2 TImplications of Nef Oligomerization

Although the role of Nef as a critical determinant of HIV pathogenesis has been well
documented (52,54,99,100,120,121,226,227) and numerous motifs identified as essential for
function (Figure 6), a single unifying element has yet to be identified within the Nef protein as
essential for its functions. As Nef oligomerization was shown to be essential for the
downregulation of CD4 and HIV replication, the work presented here suggests a new mechanism
for the regulation of Nef function. Oligomerization is a common biological regulatory
mechanism and signaling is often regulated by the dimerization of signaling proteins (125).
Interestingly, multiple cellular targets of Nef are dimeric when activated, including CD4 and
MHC-I (30,224). As binding energies are additive, the oligomerization of Nef may increase its
affinity for a dimeric partner, leading to more efficient interactions required for its subsequent
removal from the cell surface. Additionally, Nef oligomerization may also increase the
association of protein complexes, effectively driving the interactions required to initiate specific
functions. For instance, the internalization of cell-surface CD4 occurs through an
endosomal/lysosomal pathway, a process mediated by clathrin-pit formation via the intracellular
host proteins AP-2,/NBP1 and B-Cop (164,188,229). As Nef directly associates with each of

these proteins (43,44,58,84,142), Nef oligomerization may enhance the removal of CD4 from the
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cell surface by recruiting and activating each of these cellular components required for initiating
the degradation pathway.

The effects of Nef oligomerization are not limited to CD4 downregulation. As reported
here, the expression of oligomerization-defective Nef mutants resulted in a dramatic reduction in
the overall efficiency of viral replication suggesting Nef oligomerization may influence
numerous viral pathways. A recent computational analysis has suggested that Nef may interact
with over 300 cellular host factors (203); whether each of these interactions is essential for Nef
function and is dependent upon the oligomeric Nef structure will be a major area of investigation
in the future. The commonality of Nef oligomerization across a broadly representative group of
HIV subtypes further suggests oligomerization is highly conserved attribute utilized by Nef to
promote disease progression in HIV infected cells. Although a comprehensive examination of all
specific interactions dependent upon Nef oligomerization for the enhancement of function
remains to be fully investigated, the work presented here suggests the formation of functional
oligomers is very sensitive to any modifications within the oligomerization interface, identifying

this region of as a structurally unique target for anti-retroviral drug discovery.
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5.2 FUTURE DIRECTIONS

5.2.1 Identification of Oligomerization-Mediated Nef Functions

Now that Nef oligomerization has been demonstrated in vivo, the formation of higher-order
oligomeric complexes needs to be investigated. Although the principal contacts within the
dimerization interface of Nef are maintained within the modeling of a trimeric complex (13),
elucidating the true oligomeric status of Nef is essential for understanding the mechanism of
interactions relative to its function. Recently published, a FRET-based BiFC assay for the
identification of trimeric complexes is now possible (199). Nef-BiFC-FRET plasmid constructs
could be generated using the GFP variants CFP and YFP as previously demonstrated (199,231).
Further, using multi-color BiFC additional binding partners can be identified within the context
of HIV infection. Multi-color BiFC permits the detection of multiple Nef binding partners as
each specific interaction examined is visualized with a distinct GFP variant (110). Of particular
significance are the proteins associated with the promotion of disease progression within HIV
infected cells. Such proteins of interest include those associated with increased viral infectivity,
cell signaling, immune surveillance and T-cell activation: Vav (29,61,141), Src family kinases
(101,126), MHC-I (21,179,194,220), and IL-2 (6,177), respectively. Utilizing the
oligomerization-defective Nef mutants identified in this study, the requirement for
oligomerization can then be expanded to proteins identified via multi-color BiFC.

The precise subcellular location of Nef oligomers also alludes to possible sites of
Nefitarget protein interactions. Having identified Nef oligomers as present in the TGN, a
subcellular site of kinase and major histocompatibility complex class (MHC) trafficking
(16,21,111,130,186), Nef oligomerization may play a role in the activation or retention of these
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proteins, respectively. Indeed, enforced dimerization of Nef significantly enhanced the activation
of the Src family kinase, Hck (231), an interaction which has subsequently been linked to MHC
retention in the TGN. Given my findings regarding the requirement of oligomerization for CD4
downregulation, a similar requirement may be predicted to elicit the activation or removal of
these signaling proteins. However, relative to the intracellular concentration of Nef that down-
modulates surface CD4, an order of magnitude or greater increase in Nef expression was
required for a comparable downmodulation of MHC-I (140,214). In order to achieve adequate
Nef expression, an adenoviral infection, rather than the current retroviral system may be
required. Further, infection with HIV carrying wild-type vs. oligomerization-defective Nef
mutants may provide the most meaningful analysis of the requirement for this Nef property in
the removal of both CD4 and MHC-I from the cell surface, rather than use of more artificial
over-expression systems that use Nef alone. The identification of specific Nef interactions and
the requirement of oligomerization for their various functions would only further substantiate the

role of Nef oligomerization in disease progression.

5.2.2 HIV Replication

Additional studies investigating the effects of oligomeric disruption on Nef-mediated
enhancement of viral replication in primary cell types need to be explored. Examination of viral
replication in physiologically relevant cell lines such as primary CD4" T cells and monocyte-
derived macrophages (MDM) would provide conditions more closely related to that of an
infected host, as described previously (27,135,144). Although the requirement for
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oligomerization in primary cell types remains unknown, reports have shown that Nef-mediated
CD4 downregulation stimulates HIV production (180) and infectivity (41,129). Accordingly,
since my work showed that oligomerization was required for CD4 downregulation, one might
predict that HIV replication and infectivity would be drastically reduced in primary CD4" T
cells. To test this hypothesis, Nef-mutant viral stocks generated in this study can be used to infect
primary cells and the effects of oligomeric-disruption monitored relative to levels of replication

via p24“*

ELISA as well as CD4, co-receptor and MHC downregulation via FACS analysis.
Perhaps a more ambitious goal is to generate transgenic (Tg) mice expressing the
complete coding sequences of HIV-1, including those sequences containing oligomerization-
defective Nef mutants, in CD4" T cells and in cells of the macrophage/dendritic lineages, as
described previously (99-101). Use of Tg mice would generate a viable animal model of disease
progression relative to Nef oligomerization. In addition to the effects on viral replication and
receptor downregulation, a Tg model would allow the observance of several phenotypes
remarkably similar to those observed in HIV-1 infected individuals, as described previously
(99,100,119,169,170,217). Similarly, an SIV model of Nef oligomerization-defective mutants in
rhesus monkeys could be generated as previously described (120,121). More specifically an

SHIV model (114,147), in which the coding regions of SIV and HIV Nef are interchanged,

would more closely model human disease progression relative to the Nef mutants described here.
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5.2.3 Nef-Directed High-Content Screening (HCS)

The results presented in this thesis suggest that disrupting Nef oligomerization with chemical
compounds may dramatically inhibit HIV replication. By adapting the cell-based BiFC assay to a
high-throughput format, chemical libraries can be rapidly screened for Nef-directed compounds
that block oligomerization. Using ArrayScan technology (145,209-211,222), cells could be
transfected with wild-type Nef BiFC constructs and plated in a 384-well format such that
chemical hits can be identified as a loss of BiFC fluorescence. However, one of the
disadvantages of the BiFC assay is the irreversible reconstitution of a functional YFP protein.
Thus, Nef oligomers that form prior to the introduction of compounds will likely remain
fluorescent. To avoid false negatives, cells may be incubated with compounds prior to
transfection with BiFC expression vectors. However, the irreversibility of BiFC would limit the
screen to the identification high-affinity chemical compounds, as only tightly bound compounds
would be sufficient to block Nef oligomerization and consequently prevent the reconstitution of
YFP. Positive hits should also be tested against the GST-BiFC control plasmids to ensure the
compounds are directed towards the oligomerization interface of Nef and not the interface of the
BiFC fragments. To ensure the compounds used in this study do not interfere with protein
expression or enhance its degradation, cells will be counterstained with anti-Nef antibodies and
compared to untreated cells. The identification of inhibitors of Nef oligomerization are likely to
affect CD4, CXCR4/CCR5 and MHC downregulation, SFK kinase activation and viral
replication, and will be further verified in the Nef-dependent US7MG viral replication assay as
described in Chapter 4. The positive identification of inhibitors of Nef oligomerization will then
be tested against the panel of broad representatives of all major Nef subtypes with respect to both

oligomerization and viral replication. Completion of these preclinical experiments will provide a
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sound foundation for animal testing in either the Nef-Tg mouse model or ultimately in the

Macaque model of HIV disease.

5.3 CLOSING REMARKS

Since the identification of the HIV-1 nef gene product as a critical determinant of AIDS
progression, researchers have spent countless hours identifying, modifying, rejecting and
confirming the molecular mysteries behind this intriguing auxiliary protein of HIV. Multi-
faceted in its function, Nef alters numerous signaling pathways in order to mediate cell survival
and the enhancement of viral infectivity and replication. Although biochemical and structural
analysis of the Nef protein have supported the formation of oligomeric complexes, a structural
characteristic perhaps relevant to its function, both have remained largely undefined.

However, the advent of a new fluorescent assay (BiFC) provided a new strategy for the
examination of oligomeric proteins in live cells. In this dissertation, I have attempted to advance
the understanding of the human immunodeficiency virus by first identifying and then exploring
the requirement of a structurally distinct feature of the HIV-1 Nef protein for its role in disease
progression. In the process, I have provided the first direct evidence for Nef oligomerization and
its respective subcellular locations in live cells as well as its commonality across Nef subtypes,
identified residues required for maintaining the dimerization interface, and discovered that
oligomerization is required for the Nef-mediated functions of CD4 downregulation and HIV

replication.
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2009 marks the 10™ anniversary of the paradigm shift in Nef-related research. No longer
identified as an inhibitor of HIV transcription, it is now evident Nef plays a much greater role in
the enhancement of disease progression in HIV infected individuals. It is my hope that the hours
spent and the work presented in this thesis will contribute to the field of HIV research and
possibly to the opening of new avenues for the development of HIV therapeutics for those

suffering from HIV/AIDS.

* In light of the evidence presented in this dissertation and that of many researchers
before me, perhaps it is time to rename the improperly named negative factor, Nef. In accordance
with previous nomenclature and its re-defined pleiotropic nature, I put forth a new term: positive

effector, Poe.
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